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ABSTRACT 
 
Current U.S. practice in steel building construction is to use fire protection 
materials such as spray-applied fire resistive material (SFRM) to thermally protect 
structural steel columns in fire.  
 
During construction or occupancy, the SFRM may become damaged. Damage 
may be complete removal or reduction in thickness of SFRM. A steel column with 
damaged SFRM may exhibit reduced structural performance defects due to the effects of 
elevated temperature during fire events.  
 
Analyses are performed to examine the fire load behavior of steel columns with 
damaged SFRM subjected to concentric axial compression. The columns treated in the 
research are W14x109 sections typical of multi-story steel building construction practices 
in the U.S.  
 
Nonlinear heat transfer analyses are performed to predict the temperature 
distribution in the steel columns under the action of the ASTM E-119 curve. Nonlinear 
structural analyses are then performed to evaluate the influence of temperature on column 
axial load behavior. Variables treated in the analyses include size and location of 
damaged SFRM, and fire duration. The analytical approach used in the research was 
validated by comparing the analytical results with previous experimental fire tests 
reported in the literature.  
  
 It was found that the complete removal of even a relatively small patch of SFRM 
led to dramatic rise of temperature at any given fire duration, and led to significant 
reduction of the axial load resistance of the column. For a given patch size of removed 
SFRM, the axial capacity of the steel column under the action of a fire was more 
sensitive in the flange patch removal cases as compared to the web patch removal cases. 
  
 Even small remnants of SFRM in thinning case led to an effective reduction of 
temperature at any given fire duration, and improved significantly the axial load capacity 
of a column as compared to the complete removal cases of SFRM. For a given thinned 
size of reduced SFRM, the axial capacity of the steel column under the action of a fire 
was more sensitive in the flange thinning removal cases as compared to the web thinning 
removal cases. 
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CHAPTER 1 
INTRODUCTION 
 
1.1  INTRODUCTION 
Current U.S. practice in steel building construction is to use fire protection 
materials such as spray-applied fire resistive material (SFRM) to thermally protect 
structural steel columns in fire. The thickness of SFRM is usually based on fire duration, 
column weight, and column cross-section perimeter. 
 
During construction or occupancy, the SFRM may become damaged. Damage 
may be complete removal or reduction in thickness of SFRM. A steel column with 
damaged SFRM may exhibit reduced structural performance due to the effects of 
elevated temperature during fire events. Thus, the fire load behavior of steel columns 
with removed or reduced SFRM needs to be examined to predict the structural damage by 
fire. 
 
1.2  OBJECTIVES  
The objective of this research is to investigate the temperature distributions and 
the axial load behavior of steel columns protected by damaged SFRM during the action 
of fire.  
 
1.3  SUMMARY OF APPROACH AND SCOPE 
Analyses are performed to examine the fire load behavior of steel columns with 
damaged SFRM subjected to concentric axial compression. 
  
Nonlinear heat transfer analyses are performed to predict the temperature 
distribution in the steel columns under the action of the ASTM E-119 curve. Nonlinear 
structural analyses are then performed to evaluate the influence of temperature on column 
axial load behavior. The analytical approach used in the research was validated by 
comparing the analytical results with previous experimental fire tests reported in the 
literature.  
 
The columns treated in the analyses are W14x109 sections made of Grade 50 steel 
typical of multi-story steel building construction. Variables treated in this research 
include size and location (flange and web) of removed or reduced SFRM, and four 
specified fire durations of 30, 60, 90 and 120 minutes. Thus, the investigation for analysis 
parameters is limited to four different cases: (1) flange patch removal (hereafter referred 
to as FPR); (2) web patch removal (WPR); (3) flange thinning removal (FTR); and (4) 
web thinning removal (WTR). 
 
1.4  SUMMARY OF FINDINGS 
 It was found that the complete removal of even a relatively small patch of SFRM 
led to dramatic rise of temperature at any given fire duration, and led to significant 
reduction of the axial load resistance of the column. For a given patch size of removed 
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SFRM, the axial capacity of the steel column under the action of a fire was more 
sensitive in the flange patch removal cases as compared to the web patch removal cases. 
 
 Even small remnants of SFRM in thinning case led to an effective reduction of 
temperature at any given fire duration, and improved significantly the axial load capacity 
of a column as compared to the complete removal cases of SFRM. For a given thinned 
size of reduced SFRM, the axial capacity of the steel column under the action of a fire 
was more sensitive in the flange thinning removal cases as compared to the web thinning 
removal cases. 
 
1.5  OUTLINE OF REPORT 
The remainder of this report is divided into five chapters. General background 
information and a review of previous steel column fire research are given in Chapter 2. 
Also included in Chapter 2 are descriptions of heat transfer mechanisms (conduction, 
convection, and radiation).  
 
Material properties used in the FEM analyses are presented in Chapter 3. Included 
in Chapter 3 are both the thermal and mechanical material properties for conventional 
steel and SFRM.  
 
Chapter 4 describes detailed information about the FEM analyses of the steel 
columns with damaged SFRM. The analytical procedure, FEM heat transfer analysis and 
model, and FEM structural analysis and model are described. Chapter 4 also describes 
convergence studies to determine the appropriate finite element mesh configuration for 
the FEM models used in this report.  
 
Chapter 5 describes parametric studies of the effect of damaged SFRM on steel 
column behavior in fire. Included in Chapter 5 are a series of analyses performed to 
investigate the temperature distribution and the axial load capacity of steel columns as 
influenced by removed or reduced SFRM. FEM analysis results for various parameters 
are presented and discussed.    
 
Finally, Chapter 6 describes the conclusions of this research with regard to the fire 
load behavior for the columns with damaged SFRM.  
 
1.6  NOTATION 
Notation used in this report is as follows: 
B : Constant used in Eq. (2-5)  
bf : Flange width (= 371.0 mm) 
C : Specific heat (J/kg°C) 
E : Total amount of thermal radiation (W/m2) 
Eb : Total amount of thermal radiation by a blackbody (W/m2) 
Fy : Yield strength (MPa) 
g : Acceleration of gravity (= 9.81 m/s2) 
h : Convection heat transfer coefficient (W/m2·°C) 
- 4 - 
hi : Clear distance between flanges of SFRM 
k   : Thermal conductivity (W/m·°C) 
Pr : Prandtl number 
Pu : Ultimate axial load strength of W14x109 (= 7117 kN) 
Q : Heat transfer rate (W) 
T : Absolute air temperature (°C or K) 
t : Time (min) 
Tf : Fire temperature (°C) 
tf : Flange thickness (= 21.8 mm) 
tfi : Flange thickness of SFRM (= 27 mm) 
tfi,p : Patch size of insulation on a flange 
ti : SFRM thickness, 2 hour fire rating (= 27 mm) 
Ts : Steel temperature (°C) 
Tsur : Material surface temperature (°C) 
tw : Web thickness (= 13.3 mm) 
twi : Web thickness of SFRM (= 27mm) 
twi,p : Patch size of insulation on a web 
T∞ : Ambient temperature (°C) 
v : Viscosity (m2/s) 
ΔT : Temperature difference (°C) 
α : Αbsorptivity that represent fraction of incident thermal radiation  
ε  : Emissivity  
εr  : Resultant emissivity  
εth  : Thermal expansion strain (m/m) 
ρ : Reflectivity that represent fraction of incident thermal radiation 
σ  : Stefan-Boltzmann constant (=5.67 × 10-8 W/m2 K4) 
τ : Transmissivity that represent fraction of incident thermal radiation 
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CHAPTER 2 
BACKGROUND 
 
2.1   INTRODUCTION 
This chapter provides background information relevant to this study and reviews 
previous studies that have been conducted by researchers in the field of steel column fire 
research.  
 
The literature review is provided in Section 2.2. Included in this section are 
reviews of recent steel column fire research, fire-protected steel columns, and computer 
programs for structural fire modeling. Fire tests are an approach that can be used to 
investigate the structural performance of building components in fire. A brief 
introduction of the standard fire tests are presented in Section 2.3. The basic heat transfer 
mechanisms of conduction, convection, and radiation are explained in Section 2.4. 
Finally, Section 2.5 examines the suitability of using finite elements to study the fire 
behavior of steel columns by examining the similarity of results between fire test of large 
steel column and finite element analysis of it using ABAQUS program. 
 
2.2   LITERATURE REVIEW 
2.2.1 Recent Steel Column Fire Research 
A considerable amount of research has been carried out for steel columns in fire. 
A brief literature review regarding recent steel column studies are presented in this 
section. 
 
Poh and Bennetts (1995) studied unprotected steel column behavior at elevated 
temperatures. Steel columns were analyzed using a moment-curvature approach, and non-
linear behavior of load-bearing steel columns was investigated. The analytical results 
were compared with actual fire test results conducted by Aasen (1985). A good 
agreement between analytical results and test results was found. In verification of the 
analytical model, the temperatures obtained from the fire tests were directly used in the 
structural model. 
 
Franssen et al. (1998) and Talamona et al. (1997) studied stability issues of steel 
columns in fire. In their studies, the behavior of steel columns subjected to axial 
compressive forces was investigated both numerically and experimentally. Concentrically 
loaded as well as eccentrically loaded columns were considered. Buckling coefficient and 
interaction formula were proposed for concentrically loaded and eccentrically loaded 
columns, respectively. In their analytical models, the Bernoulli hypothesis is assumed, 
i.e., plane sections remain perpendicular to the longitudinal axis and no shear energy 
considered. As a result, global buckling or cross-section yielding of steel column 
behavior was taken into account by the analytical model, but any section distortion or 
local buckling could not be considered.  
 
Huang and Tan (2003) studied analytical fire resistance of axially restrained steel 
columns. In this study, a linear spring was modeled at the column top in order to consider 
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the axial restraint of upper-story structure on the isolated heated column. Based on the 
study, Huang and Tan concluded that the axial restraint by a linear spring of upper-story 
structure can significantly reduce the fire resistance of the column.  
 
2.2.2 Fire Protected Steel Columns 
Because steel loses its structural integrity when it is heated to high temperatures, 
steel columns are typically fire-protected. The proper selection and arrangement of fire 
protective materials are essential to preserving the integrity of the structure for fire-
fighting operations and building evacuation. In current practice, spray-applied fire 
resistive materials (SFRM) are commonly used to protect steel columns from fire. Fire 
resistance calculation of such a steel column is available in other references (Lie, 1992 
and ICC, 2002) for various types of steel sections and fire-protection materials. 
 
Lie and Stanzak (1973) investigated the fire resistance of steel columns protected 
by relatively low-density materials, and explained the mechanism of heat transfer from a 
fire through insulation to the steel core.  
 
Tomecek and Milke (1993) and Ryder et al. (2002) studied the effect of partial 
loss of fire-protection material on the fire resistance of steel columns. A two-dimensional 
finite element heat transfer analysis was used to compare the thermal response of steel 
columns with lost protection material when exposed to fire. Because the two-dimensional 
analysis limited the removal patterns of the protection material in a steel cross-section, a 
three-dimensional finite element heat transfer analysis was also used. Nonlinear heat 
transfer analyses were performed, and nonlinear structural analyses were not included in 
the study.  
 
The axial load capacity of steel columns due to partial loss of fire-protection 
material is investigated in this research. A series of three-dimensional finite element 
analyses were used, and the analyses included both heat transfer analysis and structural 
analysis to investigate thermal response as well as structural response of the steel 
columns under the action of fire. 
 
2.2.3 Computer Programs 
Wang (2002) reported a database containing several computer programs available 
to analyze structural members in fire. A comprehensive review of the capabilities of each 
program is given in the reference, and recommendations are also provided about the 
suitability of computer programs to deal with various aspects of steel structural behavior 
in fire. 
 
Based on Wang, among numerous computer programs, ABAQUS and DIANA 
are commercially available for general finite element programs that have been 
successfully adapted for fire progressive failure in their numerical models while many 
other programs can not include those effects. In current research, ABAQUS was selected 
to carry out heat transfer and structural analysis of steel columns.  
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2.3   FIRE TEST  
Fire tests are commonly used to determine the fire performance of building 
elements, such as beams, columns, wall and floors. The standard fire test is usually 
carried out to estimate a fire resistance rating for a construction element to enable it to 
pass the regulatory requirements for fire resistance. It is a device to grade the relative fire 
performance of different structural elements. 
 
The standard fire tests are used to evaluate structures rather than individual 
materials and consequently the tests tend to be larger in scale and complexity than 
material tests.  
 
A brief introduction to standard fire test methodology is described in this section 
since the standard fire resistance test has been used as the basis of assessing the fire 
resistance of construction elements. The standard fire resistance test is carried out 
according to a specified standard. ASTM E-119 is the most common standard in the 
United States. In United Kingdom, British Standard BS 476, Part 20 (1987) is the 
standard, and other countries have their own standards. ISO 834 (1975) is the 
international standard, and all of these standard tests are similar each other.  
 
Figure 2-1 shows typical arrangements of structural elements in standard fire 
resistance tests (Wang, 2002). Figure 2-1(a) shows standard fire tests for beams and slabs, 
and the furnace is horizontal. For columns the furnace is vertical as shown in Figure 
2-1(b). The standard fire test is carried out in a furnace, either gas or oil fired. Depending 
on the type, number, size and locations of burners in the furnace, a non-uniform 
temperature distribution may exist in the furnace. However, it is assumed that the 
combustion gas temperature inside the furnace is uniform and equal to the average 
temperature recorded by a number of control thermocouples inside the furnace. The 
average temperature rise is according to the following temperature-time relationships 
(ISO 834):  ( ) ∞++= TtTf 18log345  
where, the fire and ambient temperatures Tf and T∞ are in °C and the fire exposure time t 
is in minutes. 
 
Figure 2-2 shows temperature-time relationships of ISO 834 and ASTM E119 fire 
curves. Both two fire curves are similar to each other. It is well known that the standard 
fire tests (ISO 834 or ASTM E119) are guidelines for fire safe design of buildings and are 
not intended to represent the temperature-time history of an actual fire. Real fires are 
function of many variables including fuel load, thermal radiation, heat flux, and 
ventilation conditions. 
 
In the standard fire tests, specimens representing floor and roof assemblies are 
subjected to a superimposed load. A reduced load condition is allowed instead of full 
service load condition. For columns, the standard test methods allow them to be tested 
with or without axial load. However, columns are often tested in an unloaded condition 
due to limited facilities for performing fire tests with the column under load.  
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A standard fire test is completed when one of the limiting criteria given in the 
standard is met. The limiting criteria include actions such as structural failure, limiting 
temperatures of the elements, or limiting temperatures on unexposed surface. 
 
Details of limiting criteria and other additional information are given in ISO 834 
(1975) and ASTM E-119. 
 
2.4  HEAT TRANSFER MECHANISMS 
Three major heat transfer mechanisms are briefly reviewed in this section, and 
these are conduction, convection, and radiation. The science of heat transfer is an 
important aspect in the study of structural performance during a fire event.  
 
2.4.1 Conduction 
Conduction occurs within solids on a molecular scale without any exchange of 
solid matter relative to one another. The basic equation for conductive heat transfer is 
given by Fourier’s law of Equation (2-1).  
⎟⎠
⎞⎜⎝
⎛−=
dx
dTkQ                                                    Equation (2-1) 
where Q is the  rate of heat transfer, k is the thermal conductivity of material, dx is the 
element thickness, dT is the temperature difference across a thickness of dx. The negative 
sign in the equation indicates that the heat flows from regions of higher temperature to 
regions of lower temperature. 
 
Figure 2-3 shows a simple schematic drawing of heat transfer mechanism that 
occurs between fire and a material. Within the material, one-dimensional heat conduction 
is expressed by Equation (2-2). 
⎟⎠
⎞⎜⎝
⎛
Δ
−−=
x
TTkQ 12                   Equation (2-2) 
where T1 and T2 are temperatures at each different node, and Δx is the material thickness. 
 
2.4.2 Convection 
Convection is defined as the transfer of heat by motion of or within a fluid. It may 
arise from temperature differences either within the fluid or between the fluid and its 
boundary, or from the application of an external motive force. The basic equation for 
convection heat transfer is given by Equation (2-3).  
( )surTThQ −−= ∞                  Equation (2-3) 
where Q is the rate of heat transfer, T∞  is the fluid ambient temperature, Tsur is the 
material surface temperature, and h is the convection heat transfer coefficient. 
 
In a fire engineering application, convection can be used as a boundary condition. 
Material surfaces are in contact with fire at elevated temperatures. These fire 
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temperatures are used as boundary conditions for determining the temperature 
distribution in the material. As shown in Figure 2-3, the convection heat transfer is 
expressed by Equation (2-4). 
( )surf TThQ −−=       Equation (2-4) 
where Tf is the fire temperature, and Tsur is the material surface temperature. 
 
2.4.2.1   Convection Heat Transfer Coefficient on Surfaces Exposed to Fire 
The main problem of convection heat transfer in fire is to determine appropriate 
convection heat transfer coefficient at the interface. The value used in this study is 
explained here. Details of determining the heat transfer coefficient are given in general 
heat transfer textbooks (Holman, 1981 and Wang, 2002).  
 
Convection heat transfer in a fire is mainly by natural convection. Natural 
convection is caused by buoyancy forces due to density differences arising from 
temperature variations in air or fluid. This phenomenon is called natural or free 
convection. 
 
At the fire/solid interface, convective heat transfer is usually turbulent. According 
to Wang (2002), the convection heat transfer coefficient, h, can be expressed by Equation 
(2-5). 
( ) 3/13/1Pr Tk
vT
gBh Δ⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛
×
×=                  Equation (2-5) 
where B is 0.13 for a vertical surface configuration, g is 9.81 m/s2, and ΔT is the 
temperature difference between the air and surface. Pr is the Prandtl number, T is the 
absolute air temperature, v is the air viscosity, and k is the air conductivity. The values of 
Pr, T, v, and k are shown in Table 2-1. 
 
 Substituting the values in Table 2-1 into Equation (2-5), h can be expressed by ΔT. 
Figure 2-4 shows h vs. ΔT relationship. As shown in Figure 2-4, the convection heat 
transfer coefficient varies depending on temperature differences. It increases up to a 
temperature difference of 200 °C, and then tends to stay a constant value above 200 °C. 
Based on results shown in Figure 2-4, a constant convection heat transfer coefficient of 
6.5 W/m2 is used on the surface exposed to fire for all FEM heat transfer models in this 
research. Even though the convection heat transfer coefficient varies as temperature 
changes, a constant value is assumed to simplify the convection heat transfer. This 
simplification is possible because, in most cases of heat transfer analysis under fire 
conditions, radiation is the dominant mode of heat transfer and temperature calculations 
are not very sensitive to even very large variations in the convective heat transfer 
coefficient (Wang, 2002).  
 
Eurocode 1: Part 1-2 (2002) recommends a constant convection heat transfer 
coefficient of 25 W/m2 on the surface exposed to fire. 
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2.4.2.2 Convection Heat Transfer Coefficient on Surfaces Unexposed to Fire 
The convection heat transfer coefficient, h, on the surfaces unexposed to fire can 
be expressed by Equation (2-6). 
( ) 4/1Th Δ= α                   Equation (2-6) 
where α is approximately 2.2. 
  
Eurocode 1: Part 1-2 (2002) recommends a constant convection heat transfer 
coefficient of 4 W/m2 on the surface unexposed to fire. When including the effects of 
heat transfer by radiation, a constant convection heat transfer coefficient of 9 W/m2 is 
recommended. In this research, all surfaces are exposed to fire so this parameter is not 
used. 
 
2.4.3 Radiation 
Radiation is defined as the heat transfer in regions where a perfect vacuum exists 
as a result of a temperature difference. This is the term used to describe the 
electromagnetic radiation which is emitted at the surface of a body which has been 
thermally excited. This electromagnetic radiation is emitted in all directions, and when it 
strikes another body, part may be reflected, part may be transmitted, and part may be 
absorbed. 
 
In the case of radiation heat transfer there exists the phenomena of absorptivity, α, 
reflectivity, ρ, and transmissivity, τ, that represent the fractions of incident thermal 
radiation that a body absorbs, reflects and transmits, respectively.  
1=++ τρα                   Equation (2-7) 
 
A blackbody is a perfect emitter of heat. The total amount of thermal radiation, Eb, 
emitted by a blackbody is given by the Stephan-Boltzmann law: 
4TEb σ=                   Equation (2-8) 
where, σ is the Stefan-Boltzmann constant which is equal to 5.67 × 10-8 W/(m2 K4), and 
T is the absolute temperature in K. 
 
In fire engineering calculations, grey-body radiation is adopted. The total amount 
of thermal radiation, E, emitted by a grey-body is given by: 
4TE εσ=                   Equation (2-9) 
where, ε is the emissivity, and it is defined as the ratio of the total energy emitted by a 
surface to that of a blackbody surface at the same temperature.  
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2.4.3.1   Heat Exchange between Two Grey-body Surfaces 
A fire surrounding a construction element can be simplified and regarded to 
represent a situation of two very large parallel plates, whose distance apart is small as 
compared with the size of the plates. Figure 2-5 shows a radiant heat transfer between 
two parallel infinite grey-body surfaces. As shown in Figure 2-5, the radiant heat emitted 
by Surface 1 is either absorbed by Surface 2 or reflected back to Surface 1. Then, this 
process of radiation (absorption and reflection) goes on indefinitely. The total radiant 
energy exchange, Q, is: 
( )ATTQ 4241
21
21
1
−−
−= σρρ
εε                 Equation (2-10) 
where ε is the surface emissivity, ρ is the reflectivity, A is the plate area, and subscripts 1 
and 2 represents Surfaces 1 and 2, respectively. 
 
If there is no transmission of radiant energy through a grey-body surface, the 
reflectivity of the surface is 1- ε. After some mathematical manipulation, Equation (2-10) 
becomes: 
( ) ( )ATTATTQ r 42414241
21 1/1/1
1 −=−−+= σεσεε   Equation (2-11) 
 
In Equation (2-12), εr is often referred to as the resultant emissivity.  
2121
21
21 1/1/1
1
εεεε
εε
εεε −+=−+=r    Equation (2-12) 
 
In fire safety applications, it is often assumed that combustion fire gases and 
construction elements are in close contact so that they can be treated as two infinite 
surfaces and Equation (2-11) may be applied.  
 
In a numerical model, the resultant emissivity, εr, is the key parameter. It can be 
computed from Equation (2-12) once ε1 and ε2 are known. ε1 is the fire emissivity, and ε2 
is the steel surface emissivity obtained from thermal properties of Section 3.2.1. 
 
The fire emissivity, ε1, varies depending on the type of fire. In a standard fire test, 
the combustibles are well mixed and burning is efficient so that the flame emissivity is 
low. This is the situation to simulate using FEM analysis, and ε1 of 0.8 can be obtained 
from a standard fire test. On the other hand, in natural fires, there is a large amount of 
smoke and soot so that emissivity of the combustion gas is high. ε1 of 1.0 can be used in 
natural fires (Wang, 2002). 
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2.5 FEM VERIFICATION 
This section verifies the reliability of heat transfer and structural analyses 
obtained from ABAQUS in comparison with results of real fire tests. Even though 
computer simulations of structures under fire conditions are becoming more widely used, 
it is important that these numerical tools are calibrated and verified to investigate correct 
behavior of realistic structures in fires.  
 
Lee, Pessiki and Kohno (2006) carried out heat transfer and structural analyses of 
a series of column fire tests performed by Kohno and Masuda (2003). The ABAQUS 
finite element program was used in these analyses. The FEM verification presented in 
this section is based on the report by Lee, Pessiki and Kohno (2006). Lee et al. compared 
analytical results with experimental data such as temperatures and column axial 
displacements. Complete details of the steel column fire tests modeled by Lee et al. are 
given by Kohno and Masuda (2003) and reviewed in the next section.  
 
In summary, the FEM analysis approach used by Lee, Pessiki and Kohno (2006) 
can effectively predict the thermal and structural behaviors of steel columns, and the 
same technique was used in the current research. 
 
2.5.1 FEM Analysis and Model 
A typical steel column tested by Kohno and Masuda (2003) is a built-up member 
and has a box-shaped cross-section. The steel column measures 580 mm x 580 mm in 
plan, and is 4.3 m in height. The thickness of the plate is 40 mm. In one test, the steel 
column had a 30 mm thick ceramic blanket without any removal. The column was heated 
with the ISO-834 standard fire shown in Figure 2-6. In the test, the column was heated 
until failure occurred under a constant axial load. Figure 2-7 shows geometry and mesh 
of overall FEM model. Typical element size measured is 10 × 10 × 30 mm at column 
corners and 30 × 10 × 30 mm elsewhere. 
 
2.5.2 Result Comparison 
The temperatures obtained from the FEM heat transfer analysis are plotted in 
Figure 2-8 and Figure 2-9. The FEM heat transfer analysis results give good agreement as 
compared to the test results, and the temperature differences between experiments and 
analyses are small.  
 
The temperature results obtained from the FEM heat transfer analysis were used 
to conduct the structural analysis. Figure 2-10 shows axial displacements comparison 
between the FEM and test results. As shown in Figure 2-10, the results agree well each 
other. 
 
The objective of this section is to verify the reliability of a numerical investigation 
of steel column fire tests. It was found that the FEM results for heat transfer and 
structural analysis provide good agreement to the experimental results, and both thermal 
response and structural response of steel columns in fire can be reasonably predicted 
from the FEM analyses. 
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Table 2-1  Values of air properties at atmospheric pressure (Wang, 2002). 
Air temperature Viscosity Conductivity Prandtl number
T (K) T (ºC) ν (×106 m2/s) k (W/mºC) Pr 
200 -73.2 7.49 0.018 0.739 
250 -23.2 9.49 0.022 0.722 
300 26.9 15.68 0.026 0.708 
350 76.9 20.76 0.030 0.697 
400 126.9 25.90 0.034 0.689 
450 176.9 28.86 0.037 0.683 
500 226.9 37.90 0.040 0.680 
550 276.9 44.34 0.044 0.680 
600 326.9 51.34 0.047 0.680 
650 376.9 58.51 0.050 0.682 
700 426.9 66.25 0.052 0.684 
750 476.9 73.91 0.055 0.686 
800 526.9 82.29 0.058 0.689 
850 576.9 90.75 0.060 0.692 
900 626.9 99.30 0.063 0.696 
950 676.9 108.20 0.065 0.699 
1000 726.9 117.80 0.068 0.702 
1100 826.9 138.60 0.073 0.704 
1200 926.9 159.10 0.078 0.707 
1300 1026.9 182.10 0.084 0.705 
1400 1126.9 205.50 0.089 0.705 
1500 1226.9 229.10 0.095 0.705 
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(a) For beams and slabs 
 
 
 
(b) For columns 
Figure 2-1  Typical arrangements of structural elements in standard fire resistance 
                          tests (Wang, 2002: taken from British Standard Institution).  
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Figure 2-2  Temperature-time curves for ISO834 and ASTM E119 fires. 
 
 
 
 
 
Figure 2-3  A schematic drawing of three heat transfer mechanisms. 
 
- 16 - 
 
 
0
1
2
3
4
5
6
7
8
0 200 400 600 800 1000
Temperature difference, ΔT(°C)
C
on
ve
ct
io
n 
he
at
 tr
an
sf
er
 c
oe
ffi
ci
en
t
h 
(W
/m
2 °
C
)
 
Figure 2-4  Convection heat transfer coefficient vs. temperature difference 
                                relationship. 
 
 
 
 
 
 
 
 
 
     
Figure 2-5  Radiant heat transfer between two parallel infinite grey-body surfaces 
                          (Wang, 2006).  
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Figure 2-6  Fire temperature-time curves. 
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Figure 2-7  Overall FEM model geometry and mesh (Lee, Pessiki and Kohno 2006). 
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Figure 2-8  Temperature comparison at outside corner of the steel tube (Lee, Pessiki 
                        and Kohno, 2006). 
                    
Figure 2-9  Temperature comparison at inside of the steel tube (Lee, Pessiki and 
                           Kohno, 2006). 
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Figure 2-10  Axial displacement comparison between FEM and test results (Lee, 
                             Pessiki and Kohno, 2006). 
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CHAPTER 3 
MATERIAL PROPERTIES AT ELEVATED TEMPERATURES 
 
3.1   INTRODUCTION 
This chapter presents an overview of the material properties of conventional mild 
steel, and spray-applied fire resistive material (SFRM). These properties are reviewed to 
facilitate the process of understanding and developing the analytical models described in 
next chapters.  
 
Both the thermal and mechanical material properties are presented in this chapter. 
The thermal material properties are the key parameters in heat transfer analysis of the 
member in fire, and the mechanical material properties are the key parameters in 
structural analysis of the member in fire. Both the thermal and mechanical material 
properties vary with temperature as described in this chapter.  
 
From a review of the literature, two major mathematical material models for 
conventional steel were found: (1) Eurocode 3 Part 1.2 (2001) (hereafter referred to as 
Eurocode 3); and (2) ASCE Structural Fire Protection (1992) (hereafter referred to as 
ASCE SFP).  
 
As will be discussed later, for this research the Eurocode 3 material model was 
selected over the ASCE SFP material model for conventional steel.   
 
3.2   CONVENTIONAL STEEL 
This section provides the thermal and mechanical properties for conventional steel. 
The thermal properties are thermal conductivity, specific heat, emissivity, and coefficient 
of thermal expansion. The mechanical properties are the stress-strain relationship as a 
function of temperature, thermal creep, and Poisson’s ratio. 
  
A992 Grade 50 (345 MPa) hot-rolled type mild steel is considered in the current 
study. The standard value for the density of structural steel is 7850 kg/m3. The steel 
density is assumed to be constant with respect to temperature.  
 
3.2.1 Thermal Properties of Steel 
3.2.1.1  Thermal Conductivity 
The thermal conductivity versus temperature relationship suggested by the 
Eurocode 3 is given in Equations (3-1) and (3-2), and it is shown graphically in Figure 
3-1.  
⎟⎠
⎞⎜⎝
⎛−=
30
54 s
Tk             for 20 °C < Ts ≤ 800 °C             Equation (3-1) 
3.27=k   for Ts > 800 °C    Equation (3-2) 
            where k is the conductivity in W/m°C, and Ts is the steel temperature in °C. 
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As shown in Figure 3-1, the thermal conductivity tends to decrease with an 
increase in temperature, and stays constant above 800 °C. Figure 3-1 also includes the 
thermal conductivity versus temperature relationship given in ASCE SFP. The two curves 
do not differ significantly.  
 
3.2.1.2   Specific Heat 
The specific heat versus temperature relationship suggested by the Eurocode 3 is 
given in Equations (3-3) through (3-6), and it is shown graphically in Figure 3-2.  
 
362 1022.200169.0773.0425 sss TTTC
−×+−+=                           Equation (3-3) 
        for 20 °C ≤ Ts ≤ 600 °C 
 
738
13002666 −−= sT
C   for 600 °C ≤ Ts ≤ 735 °C        Equation (3-4) 
 
731
17820545 −−= sT
C   for 735 °C ≤ Ts ≤ 900 °C        Equation (3-5) 
 
650=C    for Ts > 900 °C          Equation (3-6) 
 
            where C is the specific heat in J/kg°C, and Ts is the steel temperature in °C. 
 
As shown in Figure 3-2, the specific heat tends to increase with an increase in 
temperature up to 700°C, peaks near 735 °C, and then tends to decrease after 735 °C.  
 
The specific heat relationship given in the Eurocode 3 was modified in this 
research. Figure 3-2 compares the original Eurocode 3 specific heat with a modified 
specific heat relationship. This modification was necessary to run the finite element 
model in a stable manner. The sharp peak in the Eurocode 3 relationship leads to 
numerical difficulty in solution convergence. The modification provides the same area 
under each curve. 
  
3.2.1.3   Emissivity 
As mentioned in Chapter 2, the radiation is the major heat transfer mechanism by 
which heat is transmitted in to the steel column by the fire. Thus, an appropriate value of 
steel surface emissivity is required to evaluate the steel temperatures correctly. However, 
because the emissivity depends on surface conditions, it is not simple to determine the 
emissivity for a given member unless the emissivity is determined through a test.  
 
Table 2-1 summarizes steel surface emissivity values obtained from several 
references. As shown in Table 2-1, the emissivity values are very different from each 
other. The polished steel has very a low emissivity, and the oxidized steel has relatively a 
high emissivity. A rough surface typically has a higher emissivity than a smooth surface. 
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Unless noted, a constant emissivity of 0.7 was used for the steel surface 
emissivity in this research. According to Wang (2002), the emissivity of a general 
construction element surface is 0.7. This value was also used in the heat transfer analysis 
conducted by Lamont et al. (2001). According to Wong et al. (2003), the emissivity 
varies with temperature and is not a constant. However, due to the lack of research work 
most researchers assume constant values (Lamont et al., 2001). In current research, 
constant value of steel emissivity is also used.  
 
3.2.1.4   Coefficient of Thermal Expansion 
According to the Eurocode 3, the thermal expansion strain, εth, of steel is 
temperature dependent and is given by following equations: 
 
2854 104.0102.110416.2 ssth TT
−−− ×+×+×−=ε                           Equation (3-7) 
          for Ts ≤ 750 °C 
 
011.0=thε                               for 750 °C ≤ Ts ≤ 860 °C               Equation (3-8) 
 
sth T
51020062.0 −×+−=ε        for Ts > 860 °C                    Equation (3-9) 
 
The coefficient of thermal expansion can be computed by dividing εth with the 
corresponding temperature from Equations (3-7) through (3-9). Figure 3-3 shows the 
coefficient of thermal expansion versus temperature relationship. The curve slope 
changes in the temperature range of 750 to 860 °C. This is due to a phase change in the 
steel. Figure 3-3 also includes the coefficient of thermal expansion given in ASCE SFP.  
Two curves are the same up to 750 °C, and then differ from each other. 
 
The coefficient of thermal expansion is used in the structural analysis to compute 
temperature-induced deformation of the steel column. It is not used in the heat transfer 
analysis. 
 
3.2.2 Mechanical Properties of Steel  
The stress-strain relationship of steel at elevated temperatures is the most 
important parameter to predict structural performance of the member exposed to fire. 
Figure 3-4 shows the experimentally obtained stress-strain relationship of ASTM A36 
steel at elevated temperatures as test results (SFPE Handbook of FPE, 1988). As shown 
in the Figure 3-4, the steel material degrades as temperature increases, and the shape of 
the stress-strain curves changes depending on temperatures.  
 
3.2.2.1   Stress-Strain Relationship  
Figure 3-5 shows mathematical expressions of stress-strain relationships of steel 
at elevated temperatures in the Eurocode 3. In constructing complete stress-strain curves, 
the reduced strength and stiffness of the steel at elevated temperatures are required as 
input data, and these are shown in Table 3-2, expressed as ratios of the value at elevated 
temperature to that at ambient temperature.  
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Figure 3-6 shows stress-strain relationships of the A992, Grade 50 steel (Fy = 345 
MPa) used in the steel column fire analysis at various temperatures, computed from the 
Eurocode 3 material model. Based on the stress-strain relationships shown in Figure 3-6, 
the elastic modulus of the A992, Grade 50 steel is plotted in Figure 3-7, and proportional 
limits and effective yield strength are shown in Figure 3-8 for various temperatures. 
Definitions of the elastic modulus, proportional limits, and effective yield strength are 
given in Figure 3-5.  
 
As an aside, for temperatures below 400 °C the stress-strain curves may be 
extended by the strain-hardening option in the Eurocode 3. However, this strain-
hardening option is ignored in current research because the results obtained as imposing 
strain hardening option were not different in the several runs with current FEM models.  
 
Figure 3-9 shows the temperature dependent stress-strain relationships of the 
A992, Grade 50 steel (Fy = 345 MPa) computed from ASCE SFP. Mathematical 
expressions can be found in other references (Lie, 1992, 1995 and 1996). 
 
Comparing the Eurocode 3 with ASCE SFP stress-strain relationships of Figure 
3-6 and Figure 3-9, the ASCE SFP stress-strain relationship is relatively more 
conservative than the Eurocode 3 (i.e., upper strength for a given temperature with 
increasing strain than the Eurocode 3). As shown in the experimental data in Figure 3-4, 
the steel strength tends to decrease rapidly when the steel temperature is above 400 °C. 
This is very similar in the Eurocode 3 stress-strain relationships of Figure 3-6, but not in 
the ASCE SFP stress-strain relationships of Figure 3-9. Based on this result, the 
Eurocode 3 stress-strain relationship was selected over ASCE SFP material model in this 
research. 
 
3.2.2.2   Thermal Creep 
Steel strain tends to increase when the steel is subjected to high temperature and 
high stress over time. This is defined as the thermal creep. Results of various creep strain 
tests show that the steel thermal creep strain consists of three parts as shown in Figure 
3-10: primary, secondary, and tertiary creep strains. Due to the relatively short exposure 
time of fire attack, only the primary and secondary creep strains are usually considered. A 
simplified creep strain model is given by Plen (1975), based on the Dorn-Harmathy creep 
strain model (1954 and 1967). 
 
For practical analyses of steel structures under the fire conditions, the period of 
time when a steel structure is exposed to high temperature is short so that the effect of the 
thermal creep strain can be neglected (Wang, 2002). In fact, the effect of the thermal 
creep strain is somewhat implicitly included in the stress-strain relationships of steel at 
high temperatures. 
 
For an example, when ASTM A36 steel has a high temperature of 930 °C (1700 
°F) with a constant stress of 200 MPa (29.0 ksi) for a time duration of 1 hour. Based on 
the Plen’s thermal creep model, the thermal creep strain is equal to 0.00039 m/m. This 
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level of thermal creep strain is very low, and will never be found in real practice because 
such a stress level cannot be maintained at such a high temperature. Thus, the thermal 
creep effect is very often omitted in common numerical analyses, and it is also neglected 
in this research. 
 
3.2.2.3   Poisson’s Ratio 
Figure 3-11 shows Poisson’s ratio versus temperature relationship for the 
conventional steel (NIST NCSTAR 1-3D, 2005). The plot is a regression line obtained 
from test data, and it is only valid up to 725 °C. As shown in Figure 3-11, Poisson’s ratio 
does not vary much up to 725 °C, i.e., in the range between 0.287 and 0.317. Thus, the 
commonly used value of 0.3 was used in current studies, and it was assumed not to vary 
with temperature.  
 
3.3   SPRAY-APPLIED FIRE RESISTIVE MATERIAL ( SFRM ) 
Blaze Shield II spray-applied fire resistive materials (SFRMs) was used to model 
steel columns as a fire insulation for heat transfer analysis in current research, and its 
density is 240 kg/m3 (15 pcf). Blaze Shield II is a portland cement based SFRM designed 
to provide fire resistance for structural steel and concrete in commercial construction.  
 
3.3.1 Thermal Properties  
According to NIST SP 1000-5 (2004), the thermal conductivity and specific heat 
of Blaze Shield II (SFRM) were determined as a function of temperature up to 1200 °C 
and their test data were used in this research.  
 
3.3.1.1   Thermal Conductivity 
   The thermal conductivity was measured according to ASTM C 1113 test method 
for thermal conductivity of refractories by hot wire (Platinum Resistance Thermometer 
Technique) and it was used. 
 
Figure 3-12 shows the preliminary result for thermal conductivity as a function of 
temperature. The result shows a trend of increased thermal conductivity with increasing 
temperature. 
  
3.3.1.2   Specific Heat 
Figure 3-13 shows specific heat versus temperature for Blaze shield II (SFRM). 
As the case of the thermal conductivity, specific heat shows a trend of increased value 
with increasing temperature.  
 
3.3.2 Mechanical Properties  
The strength and stiffness of the Blaze Shield II (SFRM) is much less than those 
of the steel. Thus, the anticipated influence of the SFRM on the structural performance 
would be small. For this reason, the SFRM was omitted for all structural analysis. Thus, 
no mechanical properties are required for the purposes of this study. 
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Table 3-1  Steel emissivity values from the literature. 
Reference Emissivity 
Eurocode 3 (2001) 0.625 
Wang (2002) 0.7 
ASCE SFP (1992) 0.9 
Holman (1981) 0.8 (oxidized) 
Lamont et al. (2001) 0.7 
Bejan (1993) 0.79 
Siegel et al. (1980) 
0.3 (polished) 
0.81 (oxidized) 
Quinne et al. (1992) 
0.3 (polished) 
0.8 (oxidized) 
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Table 3-2  Reduction factors for stress-strain relationship of steel at elevated 
                             temperatures (Eurocode 3, 2001). 
 
 Note:  The effective yield strength is defined as 2% strain. 
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Figure 3-1  Conductivity versus temperature for conventional steel in the Eurocode 3 
                       and ASCE SFP. 
 
  
 
 
 
Figure 3-2  Specific heat versus temperature for conventional steel in the Eurocode 3  
                       and modified specific heat. 
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Figure 3-3  Thermal expansion coefficient for conventional steel in the Eurocode 3 
                         and ASCE SFP.  
 
           
Figure 3-4  Stress-strain relationship for ASTM A36 steel at elevated temperatures 
                         (SFPE Handbook of Fire Protection Engineering, 1988). 
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Figure 3-5  Stress-strain relationship of steel at elevated temperatures in the 
                               Eurocode 3. 
Note: 
The effective yield strength is 
defined as 2% strain. 
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Figure 3-6  Stress-strain relationship of the A992, Grade 50 steel generated 
                               using the Eurocode 3.  
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Figure 3-7  Elastic modulus versus temperature for the A992, Grade 50 steel. 
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Figure 3-8  Proportional limit and effective yield strength versus temperature for the 
                        A992, Grade 50 steel (Fy = 345 MPa). 
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Figure 3-9  Stress-strain relationship of the A992, Grade 50 steel generated using 
                          ASCE SFP.  
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Figure 3-10  Creep strain model for steel at high temperature (Wang, 2002). 
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Figure 3-11  Poisson’s ratio versus temperature for conventional steel (NIST  
                                NCSTAR 1-3D, 2005). 
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Figure 3-12  Thermal conductivity versus temperature for Blaze Shield II (SFRM)  
                           (NIST SP 1000-5, 2004). 
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Figure 3-13  Specific heat versus temperature for Blaze Shield II (NIST SP 1000-5,  
                          2005). 
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CHAPTER 4 
FINITE ELEMENT ANALYSIS 
 
4.1    INTRODUCTION 
This chapter describes the analytical approach and details of finite element 
models (FEM models) used to investigate thermal and structural performance of the steel 
columns treated in this research.  
 
Section 4.2 summarizes of the analytical approach used in this study. Details of 
the FEM heat transfer analysis and model are described in Section 4.3, and details of the 
FEM structural analysis and model are described in Section 4.4. Section 4.5 describes 
convergence studies to determine appropriate finite element meshes for the current 
research. 
 
4.2    ANALYTICAL APPROACH 
The analytical approach consists of two sequential analysis steps: (1) heat transfer 
analysis; and (2) structural analysis. The heat transfer analysis is conducted first to 
evaluate temperatures in the columns under the action of fire, and then the structural 
analysis is conducted to investigate the structural behavior due to temperature 
distributions obtained from the previous heat transfer analysis. A sequential heat transfer 
and structural analysis is possible because the structural analysis is assumed to be 
uncoupled from the heat transfer analysis. Nonlinearities in the structural analyses such 
as yielding do not influence the nonlinearities in the heat transfer analyses such as 
variation in conductivity with temperature. 
 
The heat transfer analysis is conducted to simulate the transfer of heat from the 
fire to the structural members. In the heat transfer analysis, transient heat transfer is 
considered, and conduction, convection, and radiation heat transfer mechanisms are 
modeled to obtain temperatures of the members. Nonlinear material properties are also 
considered in the analysis. Results of the heat transfer analysis include the temperature-
time history for the structure modeled. Details of FEM heat transfer models such as 
model geometry, element types, loadings, and boundary conditions are described in 
Section 4.3.  
 
The structural analysis is conducted to determine the complete structural response 
of the column subjected to the fire loading and axial load. The fire loading is first applied 
using the temperature-time history output obtained from previous heat transfer analysis. 
Then, axial displacement is applied to the steel column to investigate the ultimate 
strength and the structural behavior of the column. In the structural analysis, nonlinear 
material properties and geometric nonlinearity are considered. Results include 
deformations, strains, and stresses. Details of FEM structural models such as model 
geometry, element types, loadings, and boundary conditions are described in Section 4.4. 
 
The finite element mesh used in each structural analysis is the same as the finite 
element mesh used in the corresponding heat transfer analysis. This simplified the 
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assignment of temperature history results obtained from the heat transfer analyses as 
input to the structural analyses.  
 
All of the heat transfer and structural analyses in this research were conducted 
using ABAQUS which is a commercially available nonlinear finite element analysis 
program. Explanations of the program and its features are given in ABAQUS User’s 
Manual (2004). 
 
4.3   FEM HEAT TRANSFER ANALYSIS AND MODEL 
4.3.1 Analysis 
A transient heat transfer analysis was conducted. This is because temperatures in 
a member vary with time in fire, and an overall temperature history of the member needs 
to be solved for the following structural analysis. The time increment in each transient 
heat transfer analysis was controlled automatically by ABAQUS, and was done with the 
backward Euler method.  
 
A nonlinear heat transfer analysis was conducted. The analysis is nonlinear 
because as discussed in Chapter 3 the material properties are temperature-dependent. 
Also, radiation effects make the analysis nonlinear. ABAQUS uses an iterative scheme to 
solve nonlinear heat transfer problems.  
 
As a thermal loading for the heat transfer analysis, ASTM E119 standard fire 
curve was used. The temperature versus time curve of ASTM E119 is previously shown 
in Figure 2.2. As described previously, ASTM E119 standard fire curve are guidelines for 
fire safe design of buildings and are not intended to represent the temperature-time 
history of an actual fire. For each FEM model, an initial temperature was specified as a 
room temperature, 20 oC.  
 
4.3.2 Model 
Three basic heat transfer mechanisms described in Section 2.4 were considered in 
the FEM heat transfer model, and these are conduction, convection and radiation. 
Nonlinear thermal material properties were also accounted for to predict correct 
temperature history. Required material properties in a heat transfer analysis are the 
thermal conductivity, density, and specific heat. Details are given in Chapter 3.  
 
Convection and radiation boundary conditions were specified where member 
surfaces were exposed to fire. Required parameters to specify convection and radiation 
boundaries are discussed in Section 2.4.  
 
Figure 4-1 shows an example of the FEM heat transfer model. The steel column 
(W14x109) is encased by 27 mm thick SFRM, and the SFRM is partially removed at the 
top flange and mid-height of the column. Figure 4-1(a) shows the overall FEM model 
geometry and mesh. A cross-section view at mid-height of the column is shown in Figure 
4-1(b). Figure 4-1(c) shows removal details of the SFRM. As shown in Figure 4-1(a), the 
steel column is meshed in three different regions: Regions A, B, and C. Region A has a 
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very fine mesh, Region B has an intermediate mesh, and Region C has relatively a crude 
mesh as compared to Region A. A fine mesh was assigned where the SFRM is removed, 
and this is because a significant temperature gradient is expected within this region. The 
typical element sizes in each region are shown in Figure 4-1, and typical aspect ratio is 
1.7, 3.4, and 6.7 for Regions A, B, and C, respectively. More details of the finite element 
mesh generation are described in Section 4.5. 
 
DC3D8 element types were used to model both the steel and the SFRM. These are 
three-dimensional eight-node linear heat transfer elements, and include conduction heat 
transfer within steel and SFRM.  
 
4.4   FEM STRUCTURAL ANALYSIS AND MODEL 
4.4.1 Analysis 
A structural analysis was performed. Temperature results obtained from a 
corresponding previous transient heat transfer analysis were included in the structural 
analysis as an initial fire loading, and structural responses subjected to the axial loads 
resulting from the imposed axial displacement were investigated and studied.  
 
 All FEM structural analyses were conducted with displacement control of the 
steel column to obtain the maximum strength of the steel column and to capture post peak 
resistance behavior of steel columns after reaching the ultimate load. Fire loading was 
applied for specified fire durations of 30, 60, 90 and 120 minutes. Then, the distribution 
of steel temperatures was held constant, and column axial load was applied by controlling 
column axial displacement. Self-weight of steel columns was ignored in the analysis.  
 
A nonlinear structural analysis was conducted. This nonlinear analysis includes 
large displacement effect, material nonlinearity, and geometrical nonlinearity. ABAQUS 
uses Newton’s method to solve the nonlinear equilibrium equations. Thus, the solution is 
usually obtained as a series of time increments, with iterations to obtain equilibrium 
within each time increment. Automatic time increment scheme is used, and this selects 
increment sizes based on computational efficiency in ABAQUS.  
 
4.4.2 Model 
Three-dimensional FEM models were developed for conducting nonlinear 
structural analyses which include thermal deformations, geometric nonlinearity, and 
nonlinear inelastic response of the materials at elevated temperatures.  
 
The finite element mesh used in each structural analysis is the same as the finite 
element mesh used in the corresponding heat transfer analysis. This simplified the 
assignment of temperature history results obtained from the heat transfer analyses as 
input to the structural analyses.  
 
The SFRM was omitted from the FEM structural analysis models since the SFRM 
provides negligible resistance to axial compression relative to resistance provided by the 
column. This helps to reduce the computation run-time for the FEM structural analyses. 
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Figure 4-2 shows an example of the FEM structural model, and shows only the steel 
column (W14x109) after removing the SFRM. 
 
C3D8I elements were used to model the columns. These are three-dimensional 
eight-node continuum elements. Nonlinear temperatures dependent on material properties 
were used, and the stress-strain properties and thermal expansion for the steel were 
previously shown in Figure 3-6.  
 
All columns were modeled with a simple supported boundary condition. The 
effects of both residual stresses and out-of-plane imperfections were ignored in the model. 
This is because the current study focuses on the influence of the damaged SFRM on the 
axial load behavior of the columns in fire.  
 
 
4.5    CONVERGENCE STUDIES   
4.5.1   Introduction 
This section describes convergence studies to determine the appropriate finite 
element mesh for current FEM models used in this research. The final mesh determined 
in this section is used to analyze the steel columns in fire.  
 
The convergence studies presented in this section were only performed in heat 
transfer analyses. The mesh required to perform the heat transfer analysis is very fine so 
that no finer mesh is necessary in structural analysis. 
 
Two types of convergence studies exist; h-convergence and p-convergence. The 
h-convergence refers to decreasing the characteristic length of elements, but without 
changing the types of elements used. The p-convergence refers to the increasing the 
degree of the highest complete polynomial in the elements, by adding nodes to elements, 
but without changing the number of elements used. More details are given in Cook et al. 
(1989). 
 
According to Lee and Pessiki (2006) and the program manual (ABAQUS Inc. 
2004), there is an error in the numerical formulation in the quadratic heat transfer element. 
Temperature oscillates in rapid heating at boundary which is typical in fire. Therefore, 
the h-convergence was only considered with the linear heat transfer element (DC3D8) in 
current convergence studies. 
 
Figure 4-3(a) shows a typical steel column investigated in current studies. The 
steel column has 27 mm thick SFRM. In the convergence studies, a simplified model was 
considered instead of modeling the entire column. As shown in Figure 4-3(b) of the 
simplified model, the three outside surfaces of the SFRM are exposed to fire, and the rest 
of the surfaces are assumed to have an adiabatic boundary condition. The adiabatic 
boundary condition is possible because uniform temperature distribution is expected 
along the column length and across the flange width (i.e., the heat flow is a 2D problem). 
- 39 - 
Details of the FEM model are described in Section 4.3 of FEM heat transfer analysis and 
model, and material properties are the same as described in Chapter 3. 
 
4.5.2   Parameters 
When a fire-protected steel column is under the action of fire, a temperature 
gradient is significant through the column thickness direction. Thus, the number of 
elements through the column thickness direction is a main concern in modeling the steel 
column, and this was studied through mesh convergence studies.  
 
Figure 4-4 shows mesh configurations used in the convergence studies. The 
simplified model shown in Figure 4-3(b) was meshed in six different ways. Mesh 1 is the 
basic mesh having two elements through each steel and SFRM thickness direction. 
Meshes 2, 3, 4, and 5 were generated by increasing the number of elements through the 
column thickness direction (3, 4, 5 and 6 elements thick for meshes 2, 3, 4 and 5 
respectively). Mesh 6 uses four elements through the SFRM thickness, and two elements 
through the steel thickness. 
 
4.5.1 Results 
Figure 4-5 shows temperature versus time relationship at top flange tip location 
between the SFRM and steel. Figure 4-5(a) shows temperature results between a fire 
duration of 0 and 60 minutes, and Figure 4-5(b) shows temperature results between a fire 
duration of 1 hour and 2 hours.  
 
As shown in Figure 4-5, the temperature results converge to the finer mesh model 
(Mesh 5). The temperature difference between Mesh 5 and each mesh is 5.1, 3.4, 0.7, 0.1 
and 1.9 °C at a fire duration of 2 hours for Meshes 1, 2, 3, 4, and 6 respectively.  
 
Figure 4-6 shows temperature versus time relationship at top flange quarter width 
location. Similar to Figure 4-5, the temperature results converge to the finer mesh model.  
 
In conclusion, Mesh 6 which includes four elements through SFRM thickness 
direction, and two elements through the steel, is used to model SFRM of the steel 
columns in current studies. Temperature difference in steel between the Meshes 6 and 5 
is less than 5 °C for all fire durations. Mesh 6 with only two elements in steel thickness is 
chosen to model the column considering computational efficiency and execution. 
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Figure 4-1  Example FEM heat transfer model. 
- Region A : fine mesh 
(typical ele. size : 15.2 x 6.8 x 11.6 mm) 
 
- Region B : intermediate mesh 
(typical ele. size : 15.2 x 6.8 x 23.2 mm) 
 
- Region C : typical mesh 
(typical ele. size : 15.2 x 6.8 x 45.5 mm) 
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Figure 4-2  Example FEM structural model. 
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Figure 4-3  Simplified model used in the convergence studies. 
 
Figure 4-4  Mesh configurations used in the convergence studies. 
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(b) between 60 to 120 minutes. 
 
                        
Figure 4-5  Temperatures at top flange tip. 
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(b) between 60 to 120 minutes. 
                        
Figure 4-6  Temperatures at top flange quarter width. 
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CHAPTER 5 
PARAMETRIC STUDIES 
 
5.1 INTRODUCTION 
This chapter describes parametric studies of the effect of damaged spray-applied 
fire resistive material (SFRM) on steel column behavior in fire. A series of analyses were 
performed to investigate the temperature distribution and the axial load capacity of steel 
columns as influenced by damaged SFRM. General information on the analysis 
procedure, FEM modeling, temperature-dependent material properties, and convergence 
studies were previously described in Chapters 3 and 4.  
 
In the current parametric studies, both SFRM patch removal (i.e., complete 
removal to bare steel) and SFRM thinning removal (i.e., a reduction in SFRM thickness) 
were considered. These SFRM patch removal and SFRM thinning removal studies were 
done on both the flange and web.  
 
Section 5.2 describes the analysis parameters which are studied in this research. 
Section 5.3 describes the temperatures and structural behaviors of both a perfectly 
insulated column and a bare steel column. The steel columns described in Section 5.3 are 
idealized bounding cases, and analysis results are compared with other parametric study 
results. Sections 5.4 through 5.9 present analysis results of the parametric studies.  
 
5.2 ANALYSIS PARAMETERS 
Table 5-1 and Figure 5-1 summarize the analyses that were performed. Analysis 
parameters are divided into four different cases by removal patterns: (1) flange patch 
removal; (2) web patch removal (WPR); (3) flange thinning removal (FTR); and (4) web 
thinning removal (WTR). Perfectly insulated and bare steel columns were also analyzed 
to examine their thermal and structural behaviors in fire, and these columns were 
compared with other removal cases.  
 
The patch removal cases treated removal of the SFRM on the flanges and the 
webs. Five different flange patch removal cases were analyzed, identified in Table 5-1 as 
FPR-1 through FPR-5. Shown in Table 5-1 are the dimensions of the patch removed, 
denoted as (wp) x (lp) x (tfi,p) for the flange, where wp and lp are the width and length of 
the patch, and tfi,p is the remaining thickness of the SFRM (0 in all patch removal cases). 
Similarly, for the five web patch removal analyses (WPR-1 through WPR-5), the 
dimensions of the patch are (hp) x (lp) x (twi,p), where hp is the height of the web patch and 
twi,p is the remaining thickness of the SFRM. FEM modeling details for the flange and 
web patch removal cases are shown in Figure 5-1(a) and (b).   
 
The thinning removal cases treated a reduction in thickness of the SFRM on the 
flange (FTR-1 through FTR-4) and web (WTR-1 through WTR-4). The dimensions of 
the thinned regions are noted in Table 5-1 using the same notation described above for 
the patch removal cases. FEM modeling details for the flange and web thinning removal 
cases are shown in Figure 5-1(c) and (d). In all thinning removal cases, the area over 
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which the SFRM is reduced in thickness is equal to the area of the largest patch in the 
patch removal cases. As a result, FPR-5 is the same as FTR-4, and WPR-5 is the same as 
WTR-4. 
 
The columns treated in the analyses were W14x109 sections made of Grade 50 
steel (Fy = 345MPa), and the entire height of columns was 4.57 m (15ft). Each steel 
column was modeled with a simple supported boundary condition. The intended 
thickness of SFRM for these columns for a 2 hour fire rating is 27 mm. This column 
section and this thickness of SFRM are typical of multi-story steel building construction 
practices in the United States. 
 
 The FEM analysis results and discussions are presented in Sections 5.3 through 
5.10 for each model. The format of results is as follows: 
 
1. A brief summary of each steel column analysis. 
2. Temperature plots at selected locations. 
3. Temperature contours in FEM heat transfer analysis. 
4. Column capacity versus axial displacement plots in FEM structural analysis.  
5. Deformed shape in FEM structural analysis. 
6. Column capacity versus fire duration relationship. 
 
5.3 PERFECTLY INSULATED AND BARE STEEL COLUMNS 
Perfectly insulated and bare steel columns were analyzed to examine their thermal 
and structural behaviors in fire. In this section, the temperatures and load-displacement 
behaviors are briefly presented. Again, these are bounding cases to the other analyses, 
and the results are used to compare with the steel columns containing patch removal or 
thinning removal of the SFRM.  
 
Figure 5-2 and Figure 5-3 show temperature contours of the perfectly insulated 
steel column, and temperature contours of the bare steel column are shown in Figure 5-4 
and Figure 5-5. In all cases the temperatures are shown for the steel surface. The 
temperature contours are shown in top plan view and elevation view in order to show 
temperature distributions in flange and web. Also, these temperature contours are at fire 
durations of 30, 60, 90 and 120 minutes. As shown in Figure 5-2 through Figure 5-5, 
temperatures are uniform along the column length in both flange and web. This is 
because fire loading was uniformly applied at all surfaces.  
 
Figure 5-6 and Figure 5-7 show temperature versus time curves obtained at six 
different selected locations for perfected insulated and bare steel columns. The selected 
locations are along the flange and web over the cross section of the column considering 
symmetric cross section geometry. Superposed on each figure is the ASTM E119 time-
temperature curve.   
 
As shown in Figure 5-6, the steel temperatures for the perfectly insulated steel 
column increase gradually over entire fire duration. The plot also shows that the steel 
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temperatures are uniform over the cross section. The maximum temperature is at the 
center node (N6), and is 653 oC at a fire duration of 2 hours. The temperature difference 
over the cross section is about 46 oC. In contrast, the steel temperatures for the bare steel 
column shown in Figure 5-7 increase rapidly from the beginning of fire to 30 minutes, 
and then increase slowly and essentially match up to the ASTM E119 curve. The steel 
temperatures are uniform over the cross section. The maximum temperature is 1007 oC at 
a fire duration of 2 hours. The temperature results shown in Figure 5-6 and Figure 5-7 are 
the upper bound and lower bound, respectively, for the remaining parametric analyses.   
 
5.4 FLANGE PATCH REMOVAL (FPR) ANALYSES 
FEM analyses were performed for the flange patch removal models in which the 
SFRM was removed as a constant strip across the top flange. The thickness of the SFRM 
was 27 mm, and the fire duration was 2 hours. Figure 5-8 shows the FEM model for the 
FPR-5 flange patch removal case. The temperature results for all FPR models obtained 
from the heat transfer analyses were included as an initial condition in the FEM structural 
analyses (discussed later).  
 
5.4.1 FEM Heat Transfer Analysis 
The heat transfer analyses for flange patch removal models were conducted with 
the SFRM which was removed as a constant strip on the top of the flange. The curves of 
temperature versus time for FPR models are plotted in Figure 5-9 through Figure 5-13. 
The steel temperatures are plotted at eight different selected locations (N1 through N8) 
along the flange and web of the cross section, and the selected cross section is at the mid 
height of the column where the SFRM is removed.  
 
Figure 5-9 shows the temperature versus time curve of FPR-1 model which has lp 
= bf / 16. Temperatures at selected nodes increase gradually over the entire fire duration. 
When comparing these temperature results with Figure 5-6 (perfectly insulated steel) and 
Figure 5-7 (bare steel), the temperatures of the FPR-1 model are within the upper and 
lower boundaries. As shown in Figure 5-9, the steel temperatures are non-uniform over 
the cross section. The maximum temperature is at the top flange tip (N1), and is 832 oC at 
a fire duration of 2 hours. The minimum temperature is at N5 location, and is 611 oC. The 
temperature difference between the maximum and the minimum temperatures is greater 
than 200 oC. This is because fire loading is directly transmitted through the top surface of 
the flange where SFRM is removed.  
 
The temperature results of FPR-2, FPR-3, FPR-4 and FPR-5 models are presented 
in Figure 5-10 through Figure 5-13. Similar results can be found in the rest of the FPR 
series models. The steel temperatures are non-uniform over the cross section, and 
increase as the patch removal size increases.  
 
As shown in Figure 5-10, the maximum temperature of FPR-2 is at the top flange 
tip (N1), and is 896 oC at a fire duration of 2 hours. The minimum temperature is at N5 
location, and is 614 oC. The temperature difference between the maximum and the 
minimum temperature is greater than 280 oC.  
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The temperature curves of FPR-3 and FPR-4 models are shown in Figure 5-11 
and Figure 5-12. The maximum temperatures in those analyses are 953 oC and 987 oC at a 
fire duration of 2 hours, and the minimum temperatures are 616 oC and 619 oC, 
respectively. The temperature differences between the maximum and the minimum 
temperature are greater than 330 oC in both cases.  
 
Figure 5-13 shows the temperature versus time curve of FPR-5 model, and the 
maximum temperature is 1001 oC at the top flange tip (N1) at a fire duration of 2 hours. 
The minimum temperature at N5 is 624 oC.  
 
The temperature contours for FPR-5 model are also shown in Figure 5-14 through 
Figure 5-16. The temperature contours shown in the figures are for top flange, web and 
cross section at four different fire durations of 30, 60, 90 and 120 minutes. As shown in 
Figure 5-14 through Figure 5-16, temperature varies along the span and through the depth 
of the column. The top flange of the column is directly exposed to fire due to the flange 
patch removal and heat transfers through the steel. The figures show that the highest 
temperature developed at the flange tip and gradually propagated across entire flange 
width. The temperature of the flange at the web is initially cooler than at the flange tip 
because heat is conducted in to the column web. 
 
Figure 5-17 shows temperature versus time curves for all FPR models at the top 
flange tip of the steel column. The top flange tip temperatures (N1) from Figure 5-9 
through Figure 5-13 are re-plotted in Figure 5-17 to compare the maximum steel 
temperatures for the different FPR models. As shown in Figure 5-17, the more the patch 
removal size increases, the higher the temperature increases. When the flange patch 
removal length is equal to bf (FPR-5), the FEM temperature prediction is similar to the no 
insulation case. Even if the flange patch removal is small (FPR-1), the impact of the 
flange patch removal on the steel temperature is significant as shown in Figure 5-17.  
 
5.4.2 FEM Structural Analysis 
 FEM structural analyses for all FPR models were performed. The FEM structural 
analysis results for the FPR models are shown in Figure 5-18 through Figure 5-21. As 
indicated previously, the axial column strength is the main concern in this research, and it 
was studied at several different fire durations of 30, 60, 90 and 120 minutes. The plots 
shown in Figure 5-18 through Figure 5-21 are axial load versus shortening relationships 
of the steel column which includes degraded material properties based on a specified fire 
exposure.  
 
 As shown in Figure 5-18 through Figure 5-21, the column axial load, P, is 
normalized by Pu which represents the column axial strength at room temperature. Also, 
included in the figures are axial load versus shortening relationships for the column 
unexposed to fire, perfectly insulated column in a fire, and bare steel column in a fire.  
 
 Figure 5-18 shows P/Pu versus shortening curves for FPR models at a fire 
duration of 30 minutes. As shown in Figure 5-18, P/Pu for perfectly insulated steel 
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column reaches 1.0, and its overall load versus shortening relationship is similar to no fire 
model. As the patch removal size increases, the capacity of the steel column decreases.   
 
 Figure 5-19 through Figure 5-21 show P/Pu versus shortening curves for FPR 
models at fire durations of 60, 90 and 120 minutes. As the patch removal size increases, 
the capacity of the steel column decreases, and patch removal size directly affects the 
steel column capacity.  
 
Figure 5-22 shows a deformed shape for FPR-5 model. The deformed shape is for 
a normalized axial load, P/Pu of 0.036 with an axial shortening 4.4 cm after the column 
was exposed to a fire duration of 90 minutes. As shown in Figure 5-22, the steel column 
failed at the mid height where the SFRM was removed. This is due to material 
degradation caused by high steel temperatures. Temperatures for the FPR-5 model were 
shown earlier in Figure 5-13, and the temperatures at the top flange were over 820 oC at a 
fire duration of 90 minutes. According to Figure 3-6 of the steel stress-strain relationship 
at elevated temperatures, the elastic modulus and strength of the steel begin to reduce 
significantly at 500 oC. Thus, the steel material yielding occurs and the steel column fails 
with deformed shape shown in Figure 5-22.  
 
5.4.3 Discussion of FPR Analyses 
The temperature endpoint criteria of ASTM E119 for a steel column are 649℃ at 
a single point and an average temperature of 538℃. In actual fire testing, the temperature 
endpoint criteria are often the governing criteria for assessing the fire resistance of a steel 
column because the ASTM E119 test for steel columns is rarely performed with an 
applied load. For the column studied in this research, the SFRM is partially removed. 
Thus, only the first criterion of 649℃ at a single point is considered.  
 
As shown in Figure 5-17, the temperature for FPR-5 model at the top flange tip is 
650℃ at a fire duration of 30 minutes, and 880 ℃ at a fire duration of 60 minutes. Thus, 
even though the removal of the SFRM is not large with respect to the overall height of 
the column, it leads to a dramatic rise of temperature and significantly reduces the fire 
resistance of steel column.  
 
Table 5-2 and Figure 5-23 summarize the capacity versus fire duration 
relationship for the FPR models. The capacity is the maximum P/Pu value. As shown in 
Figure 5-23, the capacities of all FPR models decrease as the fire duration increases. Also, 
as the flange patch removal size increases, the axial load capacity of the column 
decreases at any given fire duration.  
 
5.5 WEB PATCH REMOVAL (WPR) ANALYSES 
FEM analyses were performed for the web patch removal models in which the 
SFRM was removed as a constant strip across the width of the web at the mid-height of 
the column. The thickness of the SFRM was 27 mm, and the fire rating was 2 hours. 
Figure 5-24 shows the FEM model for WPR-5 web patch removal case. The temperature 
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results for all WPR models obtained from the heat transfer analyses were included as an 
initial condition in the FEM structural analyses.  
    
5.5.1 FEM Heat Transfer Analysis 
The heat transfer analyses for web patch removal models were conducted with the 
SFRM which was removed as a constant strip across the width of the web at the mid-
height of the column. The curves of temperature versus time for WPR models are plotted 
in Figure 5-25 through Figure 5-29. The steel temperatures are plotted at six different 
selected locations (N1 through N6) along the flange and web of the cross section, and the 
selected cross section is at the mid height of the column where the SFRM is removed.  
 
Figure 5-25 shows the temperature versus time curve of WPR-1 model which has 
lp = bf / 16. Temperatures at selected nodes increase gradually over the entire fire duration 
as the case of FPR-1 model. When comparing these temperature results with Figure 5-6 
(perfectly insulated steel) and Figure 5-7 (bare steel), the temperatures of the WPR-1 
model are within the upper and lower boundaries. As shown in Figure 5-25, the steel 
temperatures are non-uniform over the cross section. The maximum temperature is at the 
center (N6) of the web exposed directly to fire, and is 845 oC at a fire duration of 2 hours. 
The minimum temperature is at N2 location, and is 639 oC. The temperature difference 
between the maximum and the minimum temperatures is greater than 200 oC. This is 
because fire loading is directly transmitted through the surface of the web where SFRM is 
removed.  
 
The temperature results of WPR-2, WPR-3, WPR-4 and WPR-5 models are 
presented in Figure 5-26 through Figure 5-29. Similar results can be found in the rest of 
the WPR series models. The steel temperatures are non-uniform over the cross section, 
and increase as the patch removal size increases.  
 
 As shown in Figure 5-26, the maximum temperature of WPR-2 is at N6 location, 
and is 907 oC at a fire duration of 2 hours. The minimum temperature is at N2 location, 
and is 650 oC. The temperature difference between the maximum and the minimum 
temperature is greater than 250 oC.  
 
The temperature curves of WPR-3 and WPR-4 models are shown in Figure 5-27 
and Figure 5-28. The maximum temperatures in those analyses are 959 oC and 990 oC at a 
fire duration of 2 hours, and the minimum temperatures are 666 oC and 686 oC, 
respectively. The temperature differences between the maximum and the minimum 
temperature are greater than 290 oC in both cases.  
 
Figure 5-29 shows the temperature versus time curve of WPR-5 model, and the 
maximum temperature is 999 oC at the center (N6) of web at a fire duration of 2 hours. 
The minimum temperature at N2 location is 710 oC.  
 
The temperature contours for WPR-5 model are also shown in Figure 5-30 
through Figure 5-32. The temperature contours shown in the figures are for top flange, 
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web and cross section at four different fire durations of 30, 60, 90 and 120 minutes. As 
shown in Figure 5-30 through Figure 5-32, temperature is almost uniform along the width 
of the top flange, and varies along the span and through the depth of the web. The web of 
the column is directly exposed to fire due to the web patch removal and heat transfers 
through the steel. The figures show that the highest temperature developed at the center 
of the web and gradually propagated across entire depth and span of the web.   
 
Figure 5-33 shows temperature versus time curves for all WPR models at the 
center of the web of the steel column. The temperatures at the center (N6) of the web 
from Figure 5-25 through Figure 5-29 are re-plotted in Figure 5-33 to compare the 
maximum steel temperatures for the different WPR models. As shown in Figure 5-33, the 
more the patch removal size increases, the higher the temperature increases. When the 
web patch removal length is equal to bf (WPR-5), the FEM temperature prediction is 
similar to the no insulation case. Even if the web patch removal is small (WPR-1), the 
impact of the web patch removal on the steel temperature is significant as shown in 
Figure 5-33.  
 
5.5.2 FEM Structural Analysis 
 FEM structural analyses for all WPR models were performed. The FEM structural 
analysis results for the WPR models are shown in Figure 5-34 through Figure 5-37. With 
several different fire durations of 30, 60, 90 and 120 minutes, the plots shown in Figure 
5-34 through Figure 5-37 are axial load versus shortening relationships of the steel 
column which includes degraded material properties based on a specified fire exposure.  
 
 As shown in Figure 5-34 through Figure 5-37, the column axial load, P, is 
normalized by Pu which represents the column axial strength at room temperature. Also, 
included in the figures are axial load versus shortening relationships for the column 
unexposed to fire, perfectly insulated column in a fire, and bare steel column in a fire.  
 
  Figure 5-34 shows P/Pu versus shortening curves for WPR models at a fire 
duration of 30 minutes. The normalized axial strength P/Pu for all WPR models reached 
over 80 % to that of the perfectly insulated steel column.  
 
 Figure 5-35 through Figure 5-37 show P/Pu versus shortening curves for WPR 
models at fire durations of 60, 90 and 120 minutes. As the patch removal size increases, 
the capacity of the steel column decreases, and patch removal size directly affects the 
steel column capacity.  
 
 Figure 5-38 shows a deformed shape for WPR-5 model. The deformed shape is 
for a normalized axial load, P/Pu of 0.093 with an axial shortening 4.4 cm as the case of 
FPR-5 model after the column was exposed to a fire duration of 90 minutes. As shown in 
Figure 5-38, the both flanges of the column expanded with similar shapes because of fire 
loading transmitted symmetrically from the web where the SFRM was removed, and the 
steel column failed at the mid height. This is due to material degradation caused by high 
steel temperatures. Temperatures for the WPR-5 model were shown earlier in Figure 5-29, 
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and the temperatures observed at the web were over 800 oC at a fire duration of 90 
minutes. According to Figure 3-6 of the steel stress-strain relationship at elevated 
temperatures, the elastic modulus and strength of the steel begin to reduce significantly at 
500 oC. Thus, the steel material yielding occurs and the steel column fails with deformed 
shape shown in Figure 5-38.    
  
5.5.3 Discussion of WPR Analyses 
As shown in Figure 5-33, the temperature for WPR-3 (lp = bf / 4) and WPR-5 (lp = 
bf) models at the center of web is 520 ℃, 690℃ at a fire duration of 30 minutes, and the 
temperature difference is 150 ℃. Also, their temperature at a fire duration of 60 minutes 
is 765 ℃, 885 ℃, and the temperature difference is 120 ℃. Thus, even though the 
removal of the SFRM is small with respect to the overall height of the column, it leads to 
a dramatic rise of temperature and significantly reduces the fire resistance of steel column.  
 
Table 5-3 and Figure 5-39 summarize the capacity versus fire duration 
relationship for the WPR models. The capacity is the maximum P/Pu value. As shown in 
Figure 5-39, the capacities of all WPR models decrease as the fire duration increase. Also, 
as the web patch removal size increases, the axial load capacity of the column decreases 
at any given fire duration.  
 
 
5.6 FLANGE THINNING REMOVAL (FTR) ANALYSES 
FEM analyses were performed for the flange thinning removal models in which 
the SFRM was reduced as a constant strip in thickness at the top flange of the column. 
The largest thinning size among FTR models is equal to the largest patch in the flange 
patch removal model (FPR-5). The thickness of the SFRM was 27 mm, and the fire 
duration was 2 hours. Figure 5-40 shows the FEM model for the FTR-2 flange thinning 
removal case. The temperature results for all FTR models obtained from the heat transfer 
analyses were included as an initial condition in the FEM structural analyses.  
 
5.6.1 FEM Heat Transfer Analysis 
The heat transfer analyses for flange thinning removal models were conducted 
with the SFRM which was reduced as a constant strip in thickness at the top flange of the 
column. The curves of temperature versus time for FTR models are plotted in Figure 5-41 
through Figure 5-44. The steel temperatures are plotted at seven different selected 
locations (N1 through N7) along the flange and web of the cross section, and the selected 
cross section is at the mid height of the column where the SFRM is removed.  
 
Figure 5-41 shows the temperature versus time curve of FTR-1 model which has 
tfi,p = 3 tfi / 4. Temperatures at selected nodes increase almost similarly over the entire fire 
duration as the temperature curves of the perfectly insulated steel column of Figure 5-6. 
The maximum temperature is at the top flange tip (N1), and is 662 oC at a fire duration of 
2 hours. The minimum temperature is at N5 location, and is 609 oC. The temperature 
difference between the maximum and the minimum temperatures is less than 60 oC. This 
is because the SFRM remained at the top flange resists to fire loading.  
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 The temperature results of FTR-2, FTR-3 and FTR-4 models are presented in 
Figure 5-42 through Figure 5-44. Similar results can be found in the rest of the FTR 
series models. The steel temperatures increase as the thinning removal size increases.  
 
As shown in Figure 5-42, the maximum temperature of FTR-2 is at the top flange 
tip (N1), and is 707 oC at a fire duration of 2 hours. The minimum temperature is at N5 
location, and is 613 oC. The temperature difference between the maximum and the 
minimum temperature is less than 100 oC. 
 
 The temperature curves of FTR-3 model are shown in Figure 5-43. At a fire 
duration of 2 hours, the maximum temperature at the top flange (N1) is 791 oC, and the 
minimum temperature at the bottom flange (N5) is 614 oC. The temperature differences 
between the maximum and the minimum temperature are greater than 170 oC. Thus, the 
fire resistance will lose first at the thinned region.  
 
As described previously, the SFRM removal size of FTR-4 model is the same as 
that of FPR-5 model. As shown in Figure 5-44, the temperatures at the top flange (N1, 
N2 and N3) increased significantly up to a fire duration of 30 minutes contrary to the 
temperature rise of other flange thinning removal models. Thus, the complete removal of 
the SFRM leads to dramatic increases of steel temperature.  
 
The temperature contours for FTR-2 model are also shown in Figure 5-45 through 
Figure 5-47. The temperature contours shown in the figures are for top flange, web and 
cross section at four different fire durations of 30, 60, 90 and 120 minutes. As shown in 
Figure 5-45 through Figure 5-47, temperature is almost uniform along the span of the 
column and through the depth of the web because the top flange of the steel column was 
not directly exposed to fire.  
 
Figure 5-48 shows temperature versus time curves for all FTR models at the top 
flange tip of the steel column. The top flange tip temperatures (N1) from Figure 5-41 
through Figure 5-44 are re-plotted in Figure 5-48 to compare the maximum steel 
temperatures for the different FTR models. As shown in Figure 5-48, the more the 
thinning removal size increases, the higher the temperature increases. Also, as described 
previously, the complete removal of the SFRM leads to dramatic increases of steel 
temperature. When the remaining thickness of the SFRM is equal to 0 (FTR-4 model), 
the steel temperature increased even more significantly than temperature increases of 
other FTR models.  
 
5.6.2 FEM Structural Analysis 
 FEM structural analyses for all FTR models were performed. The FEM structural 
analysis results for the FTR models are shown in Figure 5-49 through Figure 5-52. As 
indicated previously, the axial column strength is the main concern in current research, 
and it was studied at several different fire durations of 30, 60, 90 and 120 minutes. As a 
result, the plots shown in Figure 5-49 through Figure 5-52 are axial load versus 
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shortening relationships of the steel column which includes degraded material properties 
based on a specified fire exposure.  
 
 As shown in Figure 5-49 through Figure 5-52, the column axial load, P, is 
normalized by Pu which represents the column axial strength at room temperature. Also, 
included in the figures are axial load versus shortening relationships for the column 
unexposed to fire, perfectly insulated column in a fire, and bare steel column in a fire.  
 
 Figure 5-49 and Figure 5-50 show P/Pu versus shortening curves for FTR models 
at fire durations of 30 and 60 minutes. In the same way as the patch removal cases, the 
increase of thinned size and fire duration decreased the axial load capacity of the columns. 
Also, the structural response of FTR-1 and FTR-2 models was very similar. This is 
because the temperature distribution between FTR-1 model and FTR-2 model are similar 
as shown in Figure 5-41 and Figure 5-42.  
 
 Figure 5-51 through Figure 5-52 show P/Pu versus shortening curves for FTR 
models at fire durations of 90 and 120 minutes. As the thinned size of the SFRM 
increases, the capacity of the steel column decreases. 
 
Figure 5-53 shows a deformed shape for FTR-2 model. The deformed shape is for 
a normalized axial load, P/Pu of 0.221 with an axial shortening 4.4 cm after the column 
was exposed to a fire duration of 90 minutes. As shown in Figure 5-53, the steel column 
failed at the mid height where the SFRM was reduced. This is due to material degradation 
caused by high steel temperatures. The temperatures for the FTR-2 model were shown 
earlier in Figure 5-42, and the temperatures at the top flange were over 550 oC at a fire 
duration of 90 minutes. According to Figure 3-6 of the steel stress-strain relationship at 
elevated temperatures, the elastic modulus and strength of the steel begin to reduce 
significantly at 500 oC. Thus, the steel material yielding occurs and the steel column fails 
with deformed shape shown in Figure 5-53.  
 
5.6.3 Discussion of FTR Analyses 
As shown in Figure 5-48, the temperature for FTR-3 (tfi,p = tfi / 4) and FTR-4 (tfi,p 
= 0) models at the top flange tip is 300 ℃, 650℃ at a fire duration of 30 minutes, and the 
temperature difference is 350 ℃. Thus, the complete removal of the SFRM leads to 
dramatic rise of temperature and significantly reduces the fire resistance of steel column.  
 
Table 5-5 and Figure 5-54 summarize the capacity versus fire duration 
relationship for the FTR models. The capacity is the maximum P/Pu value. As shown in 
Figure 5-54, the capacities of all FTR models decrease as the fire duration increase. Also, 
as the flange thinning removal size increases the axial load capacity of the column 
decreases.  
 
5.7 WEB THINNING REMOVAL (WTR) ANALYSES 
FEM analyses were performed for the web thinning removal models in which the 
SFRM was reduced as a constant strip in thickness at the web of the column. The largest 
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thinning size among WTR models is equal to the largest patch in the web patch removal 
model (WPR-5). The thickness of the SFRM was 27 mm, and the fire rating was 2 hours. 
Figure 5-55 shows the FEM model for the WTR-2 web thinning removal case. The 
temperature results for all WTR models obtained from the heat transfer analyses were 
included as an initial condition in the FEM structural analyses.    
 
5.7.1 FEM Heat Transfer Analysis 
The heat transfer analyses for web thinning removal models were conducted with 
the SFRM which was reduced as a constant strip at web of the column. The curves of 
temperature versus time for WTR models are plotted in Figure 5-56 through Figure 5-59. 
The steel temperatures are plotted at six different selected locations (N1 through N6) 
along the flange and web of the cross section, and the selected cross section is at the mid 
height of the column where the SFRM is reduced.  
 
Figure 5-56 shows the temperature versus time curve of WTR-1 model which has 
twi,p = 3 twi / 4. Temperatures at selected nodes increase almost similarly over the entire 
fire duration as the temperature curves of FTR-1 model of Figure 5-41. The maximum 
temperature is at the center (N6) of the web, and is 679 oC at a fire duration of 2 hours. 
The minimum temperature is at N3 location, and is 618 oC. The temperature difference 
between the maximum and the minimum temperatures is around 60 oC, and is not large. 
This is because the SFRM remained at the web resists to fire loading.  
 
The temperature results of WTR-2, WTR-3 and WTR-4 models are presented in 
Figure 5-57 through Figure 5-59. Similar results can be found in the rest of the WTR 
series models. The steel temperatures increase as the thinning removal size increases.  
 
 As shown in Figure 5-57, the maximum temperature of WTR-2 is at N6 location, 
and is 718 oC at a fire duration of 2 hours. The minimum temperature is at N2 location, 
and is 625 oC. The temperature difference between the maximum and the minimum 
temperature is less than 100 oC.  
 
The temperature curves of WTR-3 models are shown in Figure 5-58. At a fire 
duration of 2 hours, the maximum temperature at the center (N6) of the web is 806 oC , 
and the minimum temperature at the top flange (N2) is 651 oC. The temperature 
differences between the maximum and the minimum temperature are greater than 150 oC. 
Thus, the fire resistance will decrease first at the thinned region.  
 
As described previously, the SFRM removal size of WTR-4 model is the same as 
that of WPR-5 model. As shown in Figure 5-59, the temperatures at the web (N4, N5 and 
N6) increased significantly up to a fire duration of 30 minutes contrary to the temperature 
rise of other web thinning removal models. Thus, the complete removal of the SFRM 
leads to dramatic increases of steel temperature.  
The temperature contours for WTR-2 model are also shown in Figure 5-60 
through Figure 5-62. The temperature contours shown in the figures are for top flange, 
web and cross section at four different fire durations of 30, 60, 90 and 120 minutes. As 
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shown in Figure 5-60 through Figure 5-62, temperature is almost uniform along the span 
of the column and through the depth of the web because the web of the steel column was 
not directly exposed to fire.  
 
Figure 5-63 shows temperature versus time curves for all WTR models at the 
center of the web of the steel column. The temperatures at the center (N6) of the web 
from Figure 5-56 through Figure 5-59 are re-plotted in Figure 5-63 to compare the 
maximum steel temperatures for the different WTR models. As shown in Figure 5-63, the 
more the thinning removal size increases, the higher the temperature increases. Also, as 
described previously, the complete removal of the SFRM leads to dramatic increases of 
steel temperature. When the remaining thickness of the SFRM is equal to 0 (WTR-4 
model), the steel temperature increased even more significantly than temperature 
increases of other WTR models.  
 
5.7.2 FEM Structural Analysis 
 FEM structural analyses for all WTR models were performed. The FEM structural 
analysis results for the WTR models are shown in Figure 5-64 through Figure 5-67. With 
several different fire durations of 30, 60, 90 and 120 minutes, the plots shown in Figure 
5-64 through Figure 5-67 are axial load versus shortening relationships of the steel 
column which includes degraded material properties based on a specified fire exposure.  
 
 As shown in Figure 5-64 through Figure 5-67, the column axial load, P, is 
normalized by Pu which represents the column axial strength at room temperature. Also, 
included in the figures are axial load versus shortening relationships for the column 
unexposed to fire, perfectly insulated column in a fire, and bare steel column in a fire.  
 
  Figure 5-64 shows P/Pu versus shortening curves for WTR models at fire 
durations of 30 minutes. The normalized axial strength P/Pu for all WTR models was 
over 80 % to that of the perfectly insulated steel column.  
 
 Figure 5-65 through Figure 5-67 show P/Pu versus shortening curves for WTR 
models at fire durations of 60, 90 and 120 minutes. As described previously, as the 
thinned size of the SFRM increases, the capacity of the steel column decreases, and 
thinning removal size directly affects the steel column capacity.  
 
 Figure 5-68 shows a deformed shape for WTR-2 model. The deformed shape is 
for a normalized axial load, P/Pu of 0.271 with an axial shortening 4.4 cm as the case of 
FTR-2 model after the column was exposed to a fire duration of 90 minutes. As shown in 
Figure 5-68, the both flanges of the column show similar shapes because of fire loading 
transmitted symmetrically from the web where the SFRM was reduced partially, and the 
steel column failed at the mid height. This is due to material degradation caused by high 
steel temperatures. Temperatures for the WTR-2 model were shown earlier in Figure 
5-57, and the temperatures at the web were over 540 oC at a fire duration of 90 minutes. 
According to Figure 3-6 of the steel stress-strain relationship at elevated temperatures, 
the elastic modulus and strength of the steel begin to reduce significantly at 500 oC. Thus, 
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the steel material yielding occurs and the steel column fails with deformed shape shown 
in Figure 5-68.  
  
5.7.3 Discussion of WTR Analyses 
For the column studied in this research, the SFRM is partially reduced. As shown 
in Figure 5-63, the temperature for WTR-3 (twi,p = twi / 4) and WTR-4 (twi,p = 0) models at 
the center of the web is 305 ℃, 695℃ at a fire duration of 30 minutes, and the 
temperature difference is 390 ℃. Thus, the complete removal of the SFRM leads to 
dramatic rise of temperature and affects significantly the reduction of the fire resistance 
of steel column.  
 
Table 5-6 and Figure 5-69 summarize the capacity versus fire duration 
relationship for the WTR models. The capacity is the maximum P/Pu value. As shown in 
Figure 5-69, the capacities of all WTR models decrease as the fire duration increases. 
Also, as the web thinning removal size increases the axial load capacity of the column 
decreases. The decrease in axial load capacity of WTR models decreases significantly 
beyond a fire duration of 60 minutes.  
 
5.8 DISCUSSION   
The axial load capacity of the columns for each removal cases (i.e., patch removal 
cases and thinning removal cases) was investigated in previous sections. In this section, 
the axial load capacity of flange patch removal (FPR) models and web patch removal 
(WPR) models is compared. Also, the axial load capacity of flange thinning removal 
(FTR) models and web thinning removal (WTR) models is compared.    
 
5.8.1 Discussion for FPR and WPR Analyses 
Table 5-4 and Figure 5-70 show the relationships of capacity versus SFRM 
removed area for WPR and FPR models. The axial load capacity of the columns was 
examined in an effort to observe the effect on the missing SFRM for flange and web.  
 
As shown in Figure 5-70, as the SFRM removed area increases, the capacity of 
the columns decreases. The axial capacity of the steel column under the action of fire is 
more sensitive in the flange patch removal cases as compared to the web patch removal 
cases.  
 
5.8.2 Discussion for FTR and WTR Analyses 
Table 5-7 and Figure 5-71 show the relationships of capacity versus normalized 
SFRM thickness for the FTR and WTR models. The axial load capacity of the columns 
was examined in an effort to observe the effect of the thinned SFRM for flange and web. 
Normalized SFRM thickness is the ratio of reduced SFRM thickness to the original 
SFRM thickness, 27 mm.  
As shown in Figure 5-71, as the normalized SFRM thickness increases, the 
capacity of the columns decreases. Also, the plot shows that the fire resistance of the 
columns does not decrease significantly when normalized thinned size is within 0.5. A 
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significant reduction of axial load capacity occurs after the thinned size of the SFRM 
reduces over 75 % of the original SFRM thickness.  
 
The axial capacity of the steel column under the action of fire is more sensitive in 
the flange thinning removal cases as compared to the web thinning removal cases.  
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Table 5-1  Summary of analysis cases. 
 
Patch Removal Cases 
(1) Flange (2) Web 
Patch dimension 
(wp) x (lp) x (tfi,p) 
I.D. Patch dimension (hp) x (lp) x (twi,p) 
I.D. 
(bf) x (bf /16) x (0) FPR-1 (hi) x (bf /16) x (0) WPR-1 
(bf) x (bf /8) x (0) FPR-2 (hi) x (bf /8) x (0) WPR-2 
(bf) x (bf /4) x (0) FPR-3 (hi) x (bf /4) x (0) WPR-3 
(bf) x (bf /2) x (0) FPR-4 (hi) x (bf /2) x (0) WPR-4 
(bf) x (bf) x (0) FPR-5 (hi) x (bf) x (0) WPR-5 
Thinning Removal Cases 
(3) Flange (4) Web 
Patch dimension 
(wp) x (lp) x (tfi,p) 
I.D. Patch dimension (hp) x (lp) x (twi,p) 
I.D. 
(bf) x (bf) x (3tfi/4) FTR-1 (hi) x (bf) x (3twi/4) WTR-1 
(bf) x (bf) x (tfi /2) FTR-2 (hi) x (bf) x (twi/2) WTR-2 
(bf) x (bf) x (tfi /4) FTR-3 (hi) x (bf) x (twi/4) WTR-3 
(bf) x (bf) x (0) FTR-4 (hi) x (bf) x (0) WTR-4 
 
 
 
Notation  
 bf (Flange width) : 371.0 mm (14.61 inch) 
 tf (Flange thickness) : 21.8 mm (0.86 inch) 
 tw (Web thickness) : 13.3 mm (0.53 inch) 
Steel  
(W14x109) 
 h : Clear distance between flanges 
 
 ti (Insulation thickness, 2 hour fire rating) : 27 mm (1.06 
inch) 
 tfi (Flange thickness of insulation) : 27 mm 
 twi (Web thickness of insulation) : 27 mm 
Isulation  
(SFRM) 
 hi : Clear distance between flanges of insulation 
 
 tfi,p : Patch size of insulation on a flange  Patch size:   twi,p : Patch size of insulation on a web  
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Table 5-2  Summary of axial load capacity for FPR models at various fire durations. 
 
Fire 
duration 
(min) 
No 
Removal FPR-1 FPR-2 FPR-3 FPR-4 FPR-5 
No 
Insulation
0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
30 1.000 0.958 0.956 0.872 0.774 0.558 0.142 
60 1.000 0.712 0.622 0.398 0.255 0.182 0.058 
90 0.807 0.379 0.264 0.168 0.116 0.091 0.048 
120 0.430 0.172 0.120 0.086 0.068 0.056 0.040 
 
 
 
 
 
Table 5-3  Summary of axial load capacity for WPR models at various fire durations. 
 
Fire 
duration 
(min) 
No 
Removal WPR-1 WPR-2 WPR-3 WPR-4 WPR-5 
No 
Insulation
0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
30 1.000 0.993 0.989 0.955 0.893 0.850 0.142 
60 1.000 0.918 0.863 0.811 0.742 0.656 0.058 
90 0.807 0.622 0.575 0.504 0.426 0.339 0.048 
120 0.430 0.315 0.287 0.249 0.190 0.167 0.040 
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Table 5-4  Summary of axial load capacity, P / Pu for FPR and WPR models at 
                          various fire durations. 
   
Flange Patch Removal Web Patch Removal 
Fire 
duration 
(min) 
30         60         90         120 
Fire 
duration 
(min) 
30         60          90         120 
Patch area 
(cm2) P/Pu       P/Pu      P/Pu      P/Pu
Patch area
(cm2) P/Pu       P/Pu      P/Pu      P/Pu   
  86  0.958  0.712  0.379 0.172   62  0.993 0.918 0.622  0.315 
172  0.956  0.622  0.264 0.120 123  0.989 0.863 0.575  0.287 
344  0.872  0.398  0.168 0.086 247  0.955 0.811 0.504  0.249 
688  0.774  0.255  0.116 0.068 493  0.893 0.742 0.426  0.190 
1376  0.558  0.182  0.091 0.056 987  0.850 0.656 0.339  0.167 
 
 
 
 
 
Table 5-5  Summary of axial load capacity for FTR models at various fire durations. 
 
Fire 
duration 
(min) 
No 
Removal FTR-1 FTR-2 FTR-3 FTR-4 
No 
Insulation 
0 1.000  1.000  1.000  1.000  1.000  1.000  
30 1.000  0.960  0.957  0.876  0.558  0.142  
60 1.000  0.722  0.718  0.676  0.182  0.058  
90 0.807  0.549  0.496  0.333  0.091  0.048  
120 0.430  0.283  0.238  0.160  0.056  0.040  
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Table 5-6  Summary of axial load capacity for WTR models at various fire durations. 
 
Fire 
duration 
(min) 
No 
Removal WTR-1 WTR-2 WTR-3 WTR-4 
No 
Insulation 
0 1.000 1.000 1.000 1.000 1.000 1.000 
30 1.000 1.000 1.000 0.940 0.850 0.142 
60 1.000 1.000 0.989 0.925 0.656 0.058 
90 0.807 0.771 0.704 0.588 0.339 0.048 
120 0.430 0.402 0.360 0.263 0.167 0.040 
 
 
 
 
 
Table 5-7  Summary of axial load capacity, P / Pu for FTR and WTR models at  
                          various fire durations. 
 
 Flange Thinning Removal Web Thinning Removal 
Fire duration 
(min) 30         60         90         120 30         60         90         120 
Normalized 
thinned size P/Pu       P/Pu      P/Pu      P/Pu P/Pu       P/Pu      P/Pu      P/Pu 
0.25  0.960 0.722 0.549 0.283 1.000 1.000 0.771 0.402 
0.50  0.957 0.718 0.496 0.238 1.000 0.989 0.704 0.360 
0.75  0.876 0.676 0.333 0.160 0.940 0.925 0.588 0.263 
1.00  0.558 0.182 0.091 0.056 0.850 0.656 0.339 0.167 
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(a) FEM model detail of FPR. 
 
 
 
(b) FEM model detail of WPR. 
 
 
Figure 5-1  FEM model details (continued next page).  
lp
wp lp values : bf / 16, bf / 8, bf / 4, bf / 2 and bf 
wp
lp
lp values : bf / 16, bf / 8, bf / 4, bf / 2 and bf 
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(c) FEM model detail of FTR 
 
 
 
(d) FEM model detail of WTR 
 
 
Figure 5-1  (continued) FEM model details. 
wp
lp =
 bf
tfi,p
 tfi,p values : 3tfi / 4, tfi / 2, tfi / 4, and 0 
wp
lp = bf
twi,p
        twi,p values : 3twi / 4, twi / 2, twi / 4 and 0 
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Figure 5-2  Top plan view of steel temperature contours of perfectly insulated steel 
                         column. 
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Figure 5-3  Elevation view of steel temperature contours of perfectly insulated steel 
                        column. 
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Figure 5-4  Top plan view of steel temperature contours of bare steel column. 
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Figure 5-5  Elevation view of steel temperature contours of bare steel column. 
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Figure 5-6  Temperature versus time curves of perfectly insulated steel column. 
 
 
 
 
 
 
Figure 5-7  Temperature versus time curves of bare steel column. 
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Figure 5-8  FEM model for FPR-5 flange patch removal case. 
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Figure 5-9  Temperature versus time curves for FPR-1. 
 
 
 
 
 
 
 
Figure 5-10  Temperature versus time curves for FPR-2. 
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Figure 5-11  Temperature versus time curves for FPR-3. 
 
 
 
 
 
Figure 5-12  Temperature versus time curves for FPR-4. 
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Figure 5-13  Temperature versus time curves for FPR-5. 
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Figure 5-14  Top plan view of steel temperature contours for FPR-5. 
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Figure 5-15  Elevation view of steel temperature contours for FPR-5. 
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Figure 5-16  Temperature contours for FPR-5 at column mid-height (center of patch). 
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Figure 5-17  Temperature versus time curves for all FPR models at the top flange tip 
                         of the steel column. 
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Figure 5-18  P/Pu versus shortening curves at a fire duration of 30 min. for FPR 
                             models. 
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Figure 5-19  P/Pu versus shortening curves at a fire duration of 60 min. for FPR 
                             models. 
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Figure 5-20  P/Pu versus shortening curves at a fire duration of 90 min. for FPR 
                             models. 
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Figure 5-21  P/Pu versus shortening curves at a fire duration of 120 min. for FPR 
                            models. 
 
- 80 - 
 
 
 
Figure 5-22  Deformed shape for FPR-5 model for a fire duration of 90 min, P/Pu = 
                          0.036, and axial shortening = 4.4 cm. 
Note : Scale Factor = 1.0 
           Pu = 7117 kN 
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Figure 5-23  Capacity versus fire duration relationships for FPR models. 
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Figure 5-24  FEM model for WPR-5 web patch removal case. 
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Figure 5-25  Temperature versus time curves for WPR-1. 
 
 
 
 
 
Figure 5-26  Temperature versus time curves for WPR-2. 
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Figure 5-27  Temperature versus time curves for WPR-3. 
 
  
Figure 5-28  Temperature versus time curves for WPR-4. 
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Figure 5-29  Temperature versus time curves for WPR-5. 
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Figure 5-30  Top plan view of steel temperature contours for WPR-5. 
- 87 - 
 
 
 
Figure 5-31  Elevation view of steel temperature contours for WPR-5. 
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Figure 5-32  Temperature contours for WPR-5 in mid-height. 
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Figure 5-33  Temperature versus time curves for all WPR models 
                                        at the center of web of the steel column. 
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Figure 5-34  P/Pu versus shortening curves at a fire duration of 30 min. for WPR 
                            models. 
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Figure 5-35  P/Pu versus shortening curves at a fire duration of 60 min. for WPR 
                            models. 
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Figure 5-36  P/Pu versus shortening curves at a fire duration of 90 min. for WPR 
                            models. 
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Figure 5-37  P/Pu versus shortening curves at a fire duration of 120 min. for WPR 
                           models.  
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Figure 5-38  Deformed shape for WPR-5 model for a fire duration of 90 min, P/Pu = 
                         0.093, and axial shortening = 4.4 cm. 
Note : Scale Factor = 1.0  
           Pu = 7117 kN 
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Figure 5-39  Capacity versus fire duration relationships for WPR models. 
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Figure 5-40  FEM model for FTR-2 flange thinning removal case. 
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Figure 5-41  Temperature versus time curves for FTR-1. 
 
 
 
Figure 5-42  Temperature versus time curves for FTR-2. 
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Figure 5-43  Temperature versus time curves for FTR-3. 
  
Figure 5-44  Temperature versus time curves for FTR-4. 
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Figure 5-45  Top plan view of steel temperature contours for FTR-2. 
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Figure 5-46  Elevation view of steel temperature contours for FTR-2. 
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Figure 5-47  Temperature contours for FTR-2 in mid-height. 
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Figure 5-48  Temperature versus time curves for all FTR models at the top flange tip 
                         of the steel column.  
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Figure 5-49  P/Pu versus shortening curves at a fire duration of 30 min. for FTR 
                             models. 
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Figure 5-50  P/Pu versus shortening curves at a fire duration of 60 min. for FTR 
                             models. 
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Figure 5-51  P/Pu versus shortening curves at a fire duration of 90 min. for FTR 
                             models. 
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Figure 5-52  P/Pu versus shortening curves at a fire duration of 120 min. for FTR 
                            models. 
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Figure 5-53  Deformed shape for FTR-2 model for a fire duration of 90 min, P/Pu = 
                          0.221, and axial shortening = 4.4 cm. 
Note : Scale Factor = 1.0  
           Pu = 7117 kN 
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Figure 5-54  Capacity versus fire duration relationships for FTR models. 
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Figure 5-55  FEM model for WTR-2 web thinning removal case. 
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Figure 5-56  Temperature versus time curves for WTR-1 
 
 
 
  
Figure 5-57  Temperature versus time curves for WTR-2 
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Figure 5-58  Temperature versus time curves for WTR-3 
 
 
Figure 5-59  Temperature versus time curves for WTR-4. 
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Figure 5-60  Top plan view of steel temperature contours for WTR-2. 
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Figure 5-61  Elevation view of steel temperature contours for WTR-2. 
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Figure 5-62  Temperature contours for WTR-2 in mid-height. 
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Figure 5-63  Temperature versus time curves of all WTR models at the center of web 
                         of the steel column.  
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Figure 5-64  P/Pu versus shortening curves at a fire duration of 30 min. for WTR 
                            models. 
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Figure 5-65  P/Pu versus shortening curves at a fire duration of 60 min. for WTR 
                            models. 
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Figure 5-66  P/Pu versus shortening curves at a fire duration of 90 min. for WTR 
                            models. 
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Figure 5-67  P/Pu versus shortening curves at a fire duration of 120 min. for WTR 
                           models. 
- 114 - 
 
 
Figure 5-68  Deformed shape for WTR-2 model for a fire duration of 90 min, P/Pu = 
                         0.271, and axial shortening = 4.4 cm.  
 
Note : Scale Factor = 1.0 
           Pu = 7117 kN 
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Figure 5-69  Capacity versus fire duration relationships for WTR models. 
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Figure 5-70  The relationships of capacity versus SFRM removed area for WPR and 
                          FPR models. 
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Figure 5-71  The relationships of capacity versus normalized SFRM thickness for FTR 
                        and WTR models. 
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CHAPTER 6 
CONCLUSIONS 
 
6.1  INTRODUCTION 
The objective of this research is to investigate the influence of the damaged 
SFRM on the axial load behavior of steel columns during the action of fire. The analysis 
cases considered in this research were numerically modeled and analyzed using finite 
element method (FEM), and their thermal and structural behaviors were investigated.  
 
 
6.2  CONCLUSIONS 
The conclusions for each case (i.e., flange patch removal (FPR), web patch 
removal (WPR), flange thinning removal (FTR), and web thinning removal (WTR)) are 
presented in following sections. 
 
6.2.1 Conclusions for FPR and WPR Analyses 
 Even though the removal of SFRM from a flange or web is not large with respect 
to the overall height of a steel column, it leads to a dramatic increase in temperature at 
any given fire duration. 
 
 Elevated temperatures developed from the damaged region of SFRM on a flange 
or web lead to significant reduction of the axial load resistance of the column. 
 
 The increase of a fire duration or patch removal size tends to decrease 
significantly the axial load capacity of a column. 
 
 For a given patch size of removed SFRM, the axial capacity of the steel column 
under the action of a fire is more sensitive in the flange patch removal (FPR) cases as 
compared to the web patch removal (WPR) cases. 
 
6.2.2 Conclusions for FTR and WTR Analyses 
 Even small remnants of SFRM tend to reduce significantly the temperature at any 
given fire duration. 
 
 Even small remnants of SFRM tend to improve significantly the axial load 
capacity of a column as compared to the complete removal cases of SFRM. 
 
 A significant reduction of axial load capacity occurs after the thinned size of the 
SFRM is reduced over 75 % of the original SFRM thickness. 
 
 For a given thinned size of reduced SFRM, the axial capacity of the steel column 
under the action of a fire is more sensitive in the flange thinning removal (FTR) cases as 
compared to the web thinning removal (WTR) cases. 
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